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PREFACE

In the course of history, humans have attempted to interrupt the
physiological and psychological bond formed between a nursing mother and
her child by substituting breastfeeding with artificial formulas. A growing
body of evidence indicates that breast milk, quite apart from its unsurpassed
nutritive value, contains a large number of substances that protect the
offspring from common infectious agents and allergens and promote the
maturation of the gastrointestinal tract and the immune system. In addition
to well described milk antibodies and soluble mediators of innate immunity,
milk cells and pluripotent secreted factors — cytokines — are currently in the
forefront of extensive research with respect to their importance in milk
immunology. The purpose of this conference was to critically evaluate the
current state of our knowledge concerning the protective role of immune
agents found in milk, to provide up-to-date information of milk factors with
respect to their role in the maturation of immunological defense systems in
the neonate, and to reassess the importance of breastfeeding in the prevention
of allergies in formula-fed infants.

We hope that the work presented by international participants will
prompt many new ideas and stimulate further research in this important
area.

This conference was sponsored primarily by the National Institute of
Child Health and Human Development, National Institutes of Health,
Bethesda, MD. We would like to thank Drs. Sumner Yaffe and Delbert
Dayton for their efforts with the organization, planning, and support of this
conference. Furthermore, we would like to acknowledge the Carnation
Cooperation, Procter & Gamble, Bristol-Myers, Ross Laboratories, and Stolle
Milk Biologics for their financial support.

We would like to thank Ms. Arline Sanchez for her competent
attention to many of the details that made it possible to bring this group of
researchers together.

The organization of this meeting and publication of this book would
not have been possible without the expert skills and dedication of Ms. Maria
Bethune.

J. Mestecky
C. Blair
P.L. Ogra
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CHARACTERISTICS OF HUMAN MILK ANTIBODIES AND THEIR EFFECT
IN RELATION TO THE EPIDEMIOLOGY OF BREASTFEEDING AND
INFECTIONS IN A DEVELOPING COUNTRY

Lars A. Hanson and Fehmida Jalil in collaboration with R.
Ashraf, S. Bernini, B. Carlsson, J.R. Cruz, T. Gonzélez, M. Hahn-
Zoric, L. Mellander, Y. Minoli, G. Moro, F. Nave, S. Zaman, L.
Mata, J. Karlberg and B.S. Lindblad

Departments of Clinical Immunology, Pediatrics, and Anatomy
(Biometric Unit), University of Géteborg, Sweden; Department of
Social and Preventive Pediatrics, King Edward Medical College,
Lahore, Pakistan; INCAP, Guatemala City, Guatemala; INISA,
San José, Costa Rica; Department of Perinatal Pathology,
Provincial Hospital, Postgraduate School of Pediatrics, University
of Milan, Italy; and Department of Pediatrics at St. Gorans's
Hospital, Karolinska Institute, Stockholm, Sweden

INTRODUCTION

Most of us would believe that it is only in modern times that not all
infants are exclusively breast-fed. However, even in ancient India and
Europel people were taught not to initiate breastfeeding at once, but to give
other fluids and other materials, such as honey, that were likely to be
contaminated. This is the custom still today in many traditional societies2.3.
After breastfeeding has been started it is often incomplete ("partial breast-
feeding"), but even then it may go on through the second year of life. There is
information available that during previous centuries there was no
breastfeeding at all in certain areas of Germany and Sweden. Infant mortality
from diarrhea during the warm summer months in the early part of the 19th
century was higher in such areas in northern Sweden than in adjacent regions
where breastfeeding was the rule4. This presumably constitutes the first
scientific evidence that breastfeeding can protect against infections.

Many studies claiming to demonstrate that breastfeeding protects
against infection have been criticized for design and interference of
confounding factors. However, other well controlled studies have been
published which show protection from diarrheal disease5.6,7.8,9, respiratory
tract infections8.9, and otitis mediall.12,

Many studies have demonstrated that most mothers in developing
countries are breastfeeding, but little emphasis has been placed on
determining the rate of exclusive breastfeeding, which is quite rare, with

Immunology of Milk and the Neonate
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partial breastfeeding dominating in many developing areas2.13. Feachem and
Koblinsky’ noted that there were striking differences in the diarrhea
morbidity and mortality in relation to the type of feeding. Morbidity and
mortality were lowest among those infants who were exclusively breast-fed,
higher among those partially breast-fed, and highest among those not breast-
fed at all.

BREASTFEEDING AND NEONATAL SEPSIS

The effect of breastfeeding on the occurrence of neonatal sepsis was
recently studied in Lahore, Pakistanl4. For each 42 consecutive cases of
neonatal sepsis (age 3-28 days), 8 age-matched controls were sought from the
same socio-economic circumstances, living in the same part of the city. We
managed to locate between 4 and 8, or as a mean 6.4, such controls per case
and thus the statistical analysis had to be made for an unmatched case-control
study. Only one of the controls was exclusively breast-fed and the majority
was partially breast-fed. However, many more cases than controls were not
breast-fed. An odds ratio of 18 was found, strongly supporting the capacity
even of partial breastfeeding to protect against neonatal sepsis in this poor
community (p<0.001). Intense microbial exposure of infants in this
community directly from birth onwards results in a gut flora with several
potential pathogens!3. These can be kept within the gut by partial
breastfeeding once it starts 1-3 days after delivery?2.

Confounding factors may easily confuse the outcome of investigations
of this kind but in the present study of neonatal sepsis the cases and controls
were comparable as to age, sex, birth order, place and mode of delivery,
hygiene of birth attendant, time between rupture of membranes and delivery,
instruments used for delivery, and care of the cord, etc.13.

THE MODE OF FEEDING IN A TYPICAL DEVELOPING AREA

In preliminary analyses of poor populations in Lahore, Pakistan, it
became obvious that to properly describe the extent of breastfeeding it was
necessary to take in regard a number of confounding factors!4. Thus, the
season of the year, the population group and the area of living were
important. In a new prospective study, we have followed longitudinally 1,476
infants born into a population of 4,000 families, 1,000 from each of four groups
living in different areas, a village outside Lahore, a mud hut area and the old
city slum of Lahore, with an upper middle class group for comparisonl6. It
was found that exclusive breastfeeding was rare, occurring initially only
among 18% of the mothers in the village and 10% in the mud hut area after 1
month of lactation. Partial breastfeeding was predominant among the three
poor groups whereas artificial feeding was most common in the upper middle
class group. This was also the only group where commercial formulas were
used to any major extent. Again, we noted the effect of the hot season.
Mothers believe that their infants need extra fluid then. This can be seen as
more children getting extra fluid during the months of April-September. In
parallel, fewer get breast milk, presumably because they suck less, being less



thirsty given the extra fluid. These fluids may often be contaminated adding
to the risk of gastrointestinal infections that are more common during the hot
season.

Since exclusive breastfeeding was so rare, we decided to try to inform
300 mothers about the advantages of exclusive breastfeeding, showing, e.g., an
educational puppet show on video in their home, together with oral
information, using a flip chart, booklets and posters at altogether three visits
during pregnancyl?. The team from the project, together with the local
traditional birth attendant who had also been specially trained, visited the
mother regularly from delivery on for follow up.

The motivation was quite successful, e.g., increasing the rate of
exclusive breastfeeding at 1 month after delivery about 40%, both in the
village and in the urban slum, compared to the prospective longitudinal
study where no special motivation was applied. Actually, the rate of partial
breastfeeding also increased by about 40% at 1 month after delivery. The onset
of breastfeeding was influenced as well, so that the percentage of neonates
starting already at 24 hours of age had increased from 5 to 90% in the village
and from about 15% to around 75% in the urban slum.

THE MODE OF FEEDING IN RELATION TO INFECTIONS IN THE LAHORE
STUDY

In the longitudinal follow up of the 1,476 children in the four
population groups, it was quite clear that breastfeeding protected against
diarrheal diseasel8. This was obvious for all the population groups in the ages
1-23 months. Breastfeeding is here defined as partial or exclusive
breastfeeding, the latter constituting a small group as mentioned above.

The degree of protection was evaluated by comparison of the
prevalence of diarrhea among the breast-fed and the non-breast-fed. As can be
seen in Fig. 1, the efficacy of protection was between 60-80% in the three poor
groups and close to 40% in the control group among the youngest infants.
Protection decreased after 9-12 months, remaining at 10-25% even at 24
months of age. The protection was seen year around both for the youngest (1-
3 months) and the oldest age group tested (19-21 months) (Figs. 2 and 3). This
is of special interest since during the warm months of April-September
diarrhea is much more common and the infectious doses may also be higher.
Still, breastfeeding, mainly partial breastfeeding, seems to protect just as well
during the diarrhea season.

To try to determine if fluctuations unrelated to the termination of
breastfeeding could have influenced the results, they were analyzed by
comparing the rate of infections at monthly intervals 1, 2, and 3 months prior
to and 1, 2, and 3 months after the termination of breastfeeding. Diarrhea
became more prevalent after breastfeeding was stopped in all the population
groups including the controls (Fig. 4), in the warm as well as the temperate
season and in the different age groups. Such a change was not seen for upper
and lower respiratory tract infections, but further analyses are required for

these infections.
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Figure 1. Efficacy of the protection of breastfeeding against diarrhea in three
study areas. Efficacy, (E) is computed as the ratio between the
incidence rate of diarrhea in the breast-fed infants (fB) and in the
non-breast-fed infants (fC); E = (1-TB/TC) x 100. The underlying
observed values have been smoothed by a third degree polynomial
function. Number of children for each area and age group is on the
average 350 (range 23-935).
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Figure 2. Incidence rate of diarrhea in the village and mud hut area analyzed
per month of the year in the breast-fed and non-breast-fed infants, in
the intervals 0-1, 1-2, and 2-3 months of age. About 40
observations/dot, range 6-195. April-June is the hot and dry season,
July-September the hot and wet season.
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533.



CHARACTERISTICS OF HUMAN MILK ANTIBODIES

Few studies of the protective role of human milk have been able to
define the important host defense component among the many present in the
milk. Glass et al.19 demonstrated that protection against cholera in breast-fed
infants is related to the milk secretory IgA (S-IgA) antibody titres against the
Vibrio cholerae enterotoxin and lipopolysaccharide. More recently, Cruz et
al.9:20 found evidence for the role of milk S-IgA antibodies in the protection
against ETEC in breast-fed infants.

These findings illustrate the importance of the predominant antibody
in milk and all other exocrine secretions, S-IgA, which was actually first found
in and isolated from human milk?l. The appearance of milk S-IgA antibodies
after intestinal antigenic exposure was an early example, both in experimental
animals?2 and man23 of the homing mechanism of Peyer's patch lymphocytes
to peripheral sites within the mucosal immune system.

Some abberations have been noticed, however, in the expected titer
increase of human milk S-IgA antibodies after intestinal exposure. We have
seen that whereas parenteral vaccination may boost milk IgA antibodies?4,
peroral vaccines may have the reverse effect?526. At this conference similar
findings in lactating mothers with intestinal infections have been presented
by Cruz et al., adding to his earlier observation that a perorally given food
protein may decrease pre-exposure milk antibody titers27. These findings
suggest that "oral tolerance” as seen in experimental animals may not be a
consistent phenomenon in man, especially since decrease in milk S-IgA
antibodies after oral exposure was usually accompanied by serum antibody
increase.

We have tried to use avidities, or the relative affinity index, of human
milk antibodies to gain more information about the milk S-IgA response.
Avidities were determined by elution of the milk antibodies in an enzyme-
linked immunosorbent assay (ELISA) by different molarities of KSCN,
determining the molarity which eluted 50% of the antibodies28. It was noted
that Swedish mothers had significantly higher relative affinity index of milk
S-IgA antibodies to E. coli O antigen and diphtheria toxoid than Pakistani
mothers28. The reason for this is not known, but one possible explanation
could be poorer nutritional status of the Pakistani mothers. In a recent study,
however, we followed the titres and avidities of S-IgA antibodies in the milk
of undernourished Guatemalan mothers before and after a food
supplementation of 440 kcal/day for 3 months. No increases in titres or
avidities were seen, suggesting that the differences noted between the Swedish
and Pakistani mothers might be due to causes other than the nutritional
status.

Surprisingly, it was found that vaccination of lactating mothers in
Pakistan with a whole cell cholera vaccine increased titres, but not avidities of
the milk S-IgA antibodies against V. cholerae endotoxin29. This may suggest
that the milk antibody avidities were already high, unable to increase any
further on immunization. It might be a sign that many of the milk antibodies
are the result of mature immune responses originating from memory cells
migrating into the lactating mammary gland. Accordingly, this would also
explain how the milk at one time can contain antibodies against so many

bacterial species and serotypes, many more than the mother can have met
recently.



Table 1. Antibody Levels and Avidities of Milk IgA
Antibodies to E. coli 06 Antigen in Costa Rican and
Swedish Mothers During Lactation. Antibody
Levels were Expressed as % of a Reference and
Avidity as the Molarity of KSCN Eluting 50% of
Antibodies

Mothers Colostrum 3-12 Months milk

Antibody levels  Costa Rican 802 27
median n=17 (20-165) (6-148)
(range) Swedish 72a 41
n=10 (27-133) (20-161)
Avidities Costa Rican  1.75bc 13
median n=17 (0.48-2.90) (0.15-2.8)
(range) Swedish 2.5¢ 1.45
n=10 (1.1-3.05) (0.9-1.95)
a Colostrum significantly higher (p<0.001) than 3-12 months
milk
b Costa Rican mothers significantly lower than Swedish
(p<0.043)

¢ Avidities significantly higher in colostrum than in mature
milk, Costa Rican mothers p<0.001, Swedish mothers p<0.0001

High avidities were also found by Sennhauser et al.30 for S-IgA
antibodies to E. coli in milk from mothers of premature babies. Presumably,
these antibodies are also not part of primary responses.

In a recent study, we compared the antibody levels and avidities of
milk S-IgA antibodies to soybean protein in Japanese and Indian mothers31.
The Japanese mothers eat much more soybean protein than the Indian
mothers who were well nourished. Still, the Indian mothers had
significantly higher titres (p<0.01) and lower avidities (p<0.01) of their milk
IgA antibodies to the 7S soybean protein than the Japanese mothers.
Obviously, we do not yet fully understand the development of avidity in
mucosal immune response; further studies in experimental animals might be
most helpful.

Recent analyses of milk samples from normally nourished Costa Rican
women showed the same decrease from colostrum to mature milk in IgA
antibody levels against E. coli 06 as Swedish mothers (Table 1) and as has been
seen previously. However, the avidities against this single O antigen
decreased significantly as well, both for the Swedish and the Costa Rican
mothers. The avidities in the colostrum samples of the Costa Rican mothers
were significantly lower than those of the Swedish mothers (Table 1). This is
presumably not due to differences in nutritional condition. Neither are
differences in microbial exposure or racial background obvious explanations.



BREASTFEEDING MAY ENHANCE VACCINE RESPONSES IN THE
OFFSPRING

In a recent preliminary study, we compared the serum and secretory
antibody responses to oral poliovirus and parenteral diphtheria and tetanus
toxoids in breast-fed infants and infants on either of two isocaloric diets, one
high (1.5 g/100 ml) and one low (1.1 g/100ml) in protein3l. The S-IgA
antibodies in saliva against the three vaccines were significantly higher in the
breast-fed group than in the two formula-fed groups that did not differ and
were therefore combined (Table 2). The fecal IgM antibodies to the tetanus
and poliovirus vaccines were also significantly higher in the breast-fed
infants, as were the S-IgA stool antibodies. The latter, but not the former,
could have come from the mother's milk. The serum antibody responses in
the breast-fed and the combined formula group did not differ significantly
after the first two doses. However, 21-40 months later the breast-fed group
had significantly higher IgG titres against diphtheria toxin and neutralizing
antibodies against poliovirus, than the combined formula group (Table 2).

Table 2. Significantly Higher Antibody Level Increases in
Breast- Compared to Formula-Fed Infants Against
Oral Poliovirus and Parenteral Tetanus and
Diphtheria Vaccines

Antibodies Age After vaccine  p-value
(months) dose no

Salivary IgA

against tetanus toxoid 4 2 <0.01
diphtheria toxoid 4 2 <0.01
poliovirus 4 2 <0.05

Fecal IgM

against tetanus toxoid 3 and 4 1land 2 <0.05 and <0.05
diphtheria toxoid 3and4 1and2  not sign.
poliovirus 3and 4 land2 <0.01 and <0.05

Serum IgG

against tetanus toxoid 21-40 3 not sign.
diphtheria toxoid 21-40 3 <0.01
poliovirus 21-40 3 <0.001

Antibody determinations by ELISA

Recently, we have also compared the avidities of the serum antibodies
after the vaccination. The avidities of the serum IgG antibodies to poliovirus
increased significantly in all groups, but were not significantly higher in the
breast-fed than in the two formula-fed groups (Table 3). The avidity of the
serum IgG antibodies to diphtheria toxin also rose significantly in the breast-
fed group and the low protein formula group. The antibody avidity 20-40
months after the 3rd dose was significantly higher in the breast-fed group
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Table 3. Avidity Indexes of Serum IgG Antibodies after
Vaccination in Relation to Mode of Feeding.
Avidity Index Expressed as Molarity of KSCN
Eluting 50% of the Antibodies

Mode of Before Before 2w After 20-40 Mo after
feeding 1st dose 2nd dose  2nd dose 3rd dose

Antigen: poliovirus type 1

Breast-fed 1.2a 0.5 0.4 2.0
n=11 (0.2-2.9)b (0.1-2.2) (0.3-1.1) (1.3-3.4)
p<0.001
Low protein 1.3 0.6 0.5 1.9
formula (1.1-2.4) (0.3-1.2) (0.3-0.8)  (0.9-3.0)
n=10 p<0.001
High protein 1.6 0.6 0.5 14
formula (1.0-3.2) (0.2-0.8) 03-0.7)  (1.2-2.9)
n=10 p<0.001

Antigen: diphtheria toxoid

Breast-fed 1.1 0.6 0.5 1.8¢
n=7 (0.4-2.6) (0.2-1.9) (0.2-1.4) (1.4-3.2)
p<0.005
Low protein 0.8 0.5 0.5 1.5
formula (0.2-1.4) (0.2-1.1) (0.3-1.1)  (0.4-3.0)
n=9 p<0.02
High protein 1.4 0.9 0.4 0.9¢
formula (0.6-1.7) (04-1.9) (0.3-1.4)  (0.4-1.9)
n=5 n.s.
amedian
brange

€ p<0.05 between breast-fed and high protein formula group

than in the high protein group (Table 3). However, the groups are small and
this preliminary study must be confirmed by more extensive investigations.
The reason for this suggested enhancement of the vaccine responses in
breast-fed compared to formula-fed infants is not clear. We propose that it
may be due to the effects of anti-idiotypic antibodies present in human milk
(Table 4A and B), just as we have proposed that maternal idiotypic and/or
anti-idiotypic antibodies to poliovirus reaching the fetus via the placenta may

1M1



induce the S-IgA and IgM antibodies to poliovirus found in newborn saliva33.
These antibodies are present in Swedish newborns, although wild or vaccine
poliovirus strains are not normally present in Sweden due to vaccination of
99% of the population with inactivated poliovirus vaccine only. We have
found such antibodies in the offsprings of mothers with IgA deficiency or
hypogammaglobulinemia as well, thereby excluding the possibility that these
secretory antibodies came from the mothers34. The immunoglobulin
preparation given prophylactically to the hypogammaglobulinemic mothers
contained anti-idiotypic as well as idiotypic antibodies to poliovirus35,

Table 4A.  Direct Binding of Presumed Anti-Idiotypes Against
Poliovirus Type 1 in 4 Human Milk Samples to
Solid Phase-Bound Monoclonal and Polyclonal
Antibodies to Poliovirus Type 1

Maximal binding in OD, by ELISA

Polyclonal
Milk Monoclonal antibodies Pool of antibodies
sample to poliovirus type 1 monoclonals to polio-
no. nol I m nos I-IV virus type 1
1 08 0.7 0.7 0.8 16
2 0.7 0.8 0.7 0.6 0.9
3 0.5 0.3 0.4 0.2 0.5
4 05 0.4 0.4 0.2 0.9

Table 4B.  Competitive Inhibition of Poliovirus Type 1 Antigen-
Binding to Solid Phase-Bound Monoclonal and
Polyclonal Anti-Polio Virus Type 1 with Presumed
Anti-Idiotypes in 4 Human Milk Samples

Maximal inhibition in % by ELISA

Monoclonal Polyclonal calf
Milk anti-poliovirus anti-poliovirus
samples type 1 type 1
1 100 39
2 100 40
3 100 32
4 100 63
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presumably providing transplacental stimulus in the fetuses of the mothers
with hypogammaglobulinemia. Both the idiotypic and anti-idiotypic
antibodies were present in the cord blood of the newborns of the antibody
deficient mothers34.

In newborn mice, Stein and Séderstrém36 showed that anti-idiotypes to
an E. coli K antigen given to newborn mice directly or via the milk primed
them to respond with protective immunity when vaccinated with the
bacteria. At that age they would otherwise not respond to a capsular K
polysaccharide. This observation is also in agreement with recent work from
Ogra's group, showing a response with specific antibodies to respiratory
syncytial virus in newborn mice after they had been given milk with virus
antibodies from their mothers who had been immunized with idiotypes or
anti-idiotypes37.

If our assumption of the role in the fetus and neonate of idiotypes
and/or anti-idiotypes is correct, it means that breastfeeding may not only
protect by passive transfer of antibodies but even actively prime the immune
response of the offspring.

THE ROLE OF BREASTFEEDING FOR INFANT MORTALITY AND
BIRTHRATES

In countries with high infant mortality the main cause of death is
infections. It is obvious that partial, or better, exclusive breastfeeding may
help prevent or ameliorate many of these infections, reducing infant
mortality. This result of breastfeeding is very important per se, but there may
be even more important repercussions. It has been claimed, and the
background data are rather convincing, that decreasing infant mortality is
followed within a relatively short time span38 by decreasing birth rate.- In
fact, it seems that family planning programs can enhance this connection
once it exists, but they may not function well in the face of high infant
mortality. To prevent the on-going population explosion it seems therefore
mandatory to use all means to decrease infant mortality. In countries that
have successfully done so recently, such as Costa Rica, a decrease in birth rates
soon occurred.

The connection between infant mortality and birth rate is
multifactorial, but one common and obviously major link is breastfeeding
which when frequent and persistent, has a clear anti-conceptional effect39.

Against this background it seems equally important to study the
immunological capacities of human milk, to determine its favorable effects
on the infant, and to promote exclusive breastfeeding, especially in
developing countries.
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T CELL DEVELOPMENT IN THE FETUS AND NEONATE

Christopher B. Wilson, David B. Lewis and B. Keith English
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INTRODUCTION

Properties of T Cells

T lymphocytes (T cells) play a central role in the immune response
acting both to mediate specific immune functions and to modulate the
function of all other aspects of the immune system. T cells mediate these
effects both through direct cell-cell interactions and through the production of
soluble mediators known as lymphokines.

T cells recognize antigen through a specific receptor, which is a
heterodimeric structure similar to immunoglobulinl. Most T cells (~95%)
express a T cell receptor (TCR) composed of an o and a B chain; these chains
associate to form the antigen recognition portion of the TCR. The selective
recognition of antigens is determined by variable portions of the molecules
that are located in their amino-terminal half. The TCR associates on the cell
surface with the pentameric CD3 complex, which links the TCR to other
cellular components needed to mediate transduction of signals from the
receptor to the cell interior2.3. A much smaller fraction (3-5%) of T cells
express a TCR composed of a yand a & chain; in humans the fraction of T cells
expressing the 5 form of the TCR in neonates was similar to that in adults in
one study? and less in another4a. Most v§ TCR expressing T cells do not

express either the CD4 or CD8 molecule. In contrast to T cells bearing the of3
TCR, the function of T cells bearing the y5 form of the TCR is not yet clear,
although it has been suggested that they may play a role in defense against
mycobacteria, in removal of damaged cells expressing heat shock proteins and
in autoimmune disease5.5a. Virtually all T cells bearing the op TCR also
express on their surface either the CD4 (T4) or the CD8 (T8) molecule. These
molecules act with the TCR to endow the T cell with the capacity to recognize
specific antigen1,6,7.

T cells recognize antigen in a way that is fundamentally different from
the manner in which B cells (and immunoglobulin, which is the B cell
antigen receptor) recognize antigen. Immunoglobulin binds to free antigen,
often recognizing secondary or tertiary structure. T cells generally recognize
relatively short (~8-9 amino acids) peptides, derived by the processing of larger
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proteins, and only do so when the peptide is bound to a major
histocompatibility (MHC) molecule (known as HLA antigens in humans).
The CD4 and CD8 molecules determine whether a T cell will recognize
antigen bound to class I MHC molecules (HLA-D in man) or bound to class I
MHC molecules (HLA-A, -B, and -C in man), respectively®. The co-
recognition of antigen in association with self MHC molecules is central to the
role of T cells in self/non-self discrimination.

Development of T Cells from Hematopoietic Precursors

T cells are derived from hematopoietic precursors, which migrate to
and colonize the human embryonic thymus at approximately 8 weeks of
gestation8-10. In the thymus, prothymocytes acquire the TCR and the CD3
complex and initially express on their surface both the CD4 and the CD8
molecules; because they express both the CD4 and the CD8 molecules these
cells are known as double-positive thymocytes. Based on studies in the
mouse, it has been determined that double-positive thymocytes undergo a
dual selection process. Negative selection removes cells that react strongly
with self-antigens, and positive selection permits the maturation of cells that
are capable of responding best to foreign antigens in the context of host MHC
molecules. Negative selection appears to result either in deletion of
thymocyte clones before they can mature into T cells or the establishment of a
state of anergy so that the mature T cells that do develop are incapable of
responding to the self-antigen that they recognize. Positive selection appears
to allow the thymocyte to mature efficiently into a functional T cell. During
positive selection, the expression of the TCR on the surface of double-positive
thymocytes increases. In the case of cells that recognize antigen in association
with class II MHC, CD4 expression is maintained and CD8 expression is lost;
the reciprocal relationship holds for cells that recognize antigen in association
with class I MHC6/11. These CD4+* or CD8* cells are now mature thymocytes.

As indicated by the expression of TCR and of each of the developmental
stages described above, human thymic differentiation appears to be complete
by 18-20 weeks of gestation8-10,12, However, whether the diversity of TCR
present in the mature host is present during fetal life is not yet known in the
human. Because TCR diversity determines the range of antigens to which the
individual is capable of responding, lack of diversity early in development
could be a limiting factor in antigen recognition. There is evidence to suggest
that the B cell repertoire is limited in the human fetusl3 and that the
frequency of T cells capable of responding to certain antigens (e.g., herpes
simplex virus) is extremely low in human neonates14.15. Recent studies
examining the diversity of the receptors expressed by T cells bearing v8 TCR,
suggest that V region usage is different and more limited in the fetus than in
the neonate. This is true both in man and in mousel5a. Diversity is further
limited by usage of a single § chain D region, and little or no addition or
deletion of nucleotides at the junctions of the segments of these genes!5a,15b,
Although data strongly suggest that the v56 TCR bearing T cells are a separate
developmental lineage, it is likely that limitations in diversity also occur in
the o TCR expressing T cells. More studies to directly examine TCR diversity
in the human fetus and neonate are needed.

Mature thymocytes are the immediate precursors of peripheral T cells
and have acquired many of the functional attributes of T cells. They are
capable of producing interleukin-2 (IL-2), expressing IL-2 receptors and
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proliferating in response to mitogens16.17. However, their surface phenotype
differs somewhat from that of T cells from adults (e.g., mature thymocytes
express the CD38 molecule, whereas, resting T cells from adults do not). In
addition, the capacity of mature thymocytes to mediate certain functions (e.g.,
production of interferon-y) is less than that of adult cells17-18.

It has recently been found that following release from the thymus, CD4
or CD8 T cells undergo additional differentiation in the periphery. This
differentiation is associated with changes in the expression of isoforms of the
CD45 molecule, also known as the leukocyte common antigen (Fig. 1), from
the high molecular mass form CD45RA to the low molecular mass form
CD45RO. Approximately 50-60% of circulating T cells (both in the CD4 and in
the CD8 subsets) of adult humans express the CD45RA isoform and the others
express in a mutually exclusive fashion the CD45RO isoform17,19,20, These
isoforms can be identified by monoclonal antibodies including the 2H4 or
3AC5 (CD45RA) and the UCHL1 (CD45RO) antibodies. The CD45RO T cell
fraction appears to contain most if not all functional memory T cells capable
of responding to specific recall antigens!9:20. Further, after activation in vitro,
virtually all CD45RA T cells are converted to a CD45RO phenotype, while the
CD45RO T cells continue to express this isoform; a similar process appears to
occur in vivo. It has been proposed that cells expressing these different
isoforms represent different maturational stages of a common cell lineage.
The CD45RA T cells are thought to be naive — having never previously
encountered the antigen which they recognize; the CD45RO T cells are
thought to represent memory T cells — those that have previously been
primed by encounter with their cognate antigen. For the remainder of the
discussion the CD45RO cells will be referred to as memory T cells and to the
CD45RA T cells as naive T cells.

Properties of Neonatal T Cells

Interestingly, T cells from human neonates share certain features with
mature thymocytes and with naive peripheral T cells from adults, having a
surface phenotype (>95% CD38+ and CD45RA+) that one might predict to be an
intermediate in this differentiation process (Fig. 1). Neonatal T cells also
differ in function from T cells from adults. Functional differences that appear
to be of importance include diminished capacity to provide help for or actual
suppression of immunoglobulin production by B cells?2l, diminished
generation and activity of cytotoxic T cells22-27, and decreased capacity to
activate macrophages28. T cell derived lymphokines appear to play a key role
in mediating or modulating these functions29-30. Accordingly, we have
sought to determine if immaturity in production of certain lymphokines
might be a factor in the diminished function of neonatal T cells and to
determine if this is a reflection of their incomplete differentiation, antigenic
naivete or both. The postnatal acquisition of cells of the memory phenotype
is discussed further in the presentation by Dr. A. Hayward.

METHODS

T cells were purified from adult peripheral blood and umbilical cord
blood of neonates by conventional separation on Ficoll-Hypaque followed by
removal of non-T cells with a commercial preparation of monoclonal
antibodies and complement (T-Lymphokwik, One Lambda, Los Angeles) as
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described?8; some residual NK cells (CD16*) remain in these preparation,
however, similar results have been obtained with preparations further
depleted of these cells. Isolation of the CD4 and CD8 subsets and of the
CD45RA* and CD45RO* subsets of CD4 T cells was done by negative selection
with monoclonal antibodies and complement and by indirect panning,
respectively, as described17.31. These preparations were >95% pure. T cells
were activated with the indicated agents as described17,28.31,32, Details of the
methods for RN A analysis, nuclear run-on assays, in situ hybridization, and
quantitation of lymphokine proteins have been described17,28,32,33,

RESULTS AND DISCUSSION

Selective Immaturity in Lymphokine Production by Neonatal T Cells

T cells from neonates exhibited a selective immaturity in the
production of certain lymphokines following activation by mitogens under
conditions designed to induce maximal stimulation (Table 1). As determined
by analysis of lymphokine protein in culture supernatants, neonatal T cells
produced as much or more IL-2 and lymphotoxin, approximately 50% as
much tumor necrosis factor (TNF) and GM-CSF, but 10% as much interferon-y
(IFN-y) and IL-4 as did adult T cells.

As shown for lymphotoxin and for TNF, qualitatively similar results

were obtained using whole blood mononuclear cells rather than purified T
cells and with other stimuli (e.g.,, PHA), although the amounts of

Table 1. Lymphokine Production by Neonatal vs Adult T Cells

Amount (x + SD)

Lymphokine Stimuli Adult T cells Neonatal T cells  Ref.

IL-2(U/ml) ConA + PMA2 13793 + 6910 18713 + 6376 28

IFN-(U/ml) ConA + PMA 1360 + 261 122 + 37 28

IL-4(pM) Iono + PMA 30.5+13.2 <3.5 31

Lymphotoxin ConA + PMA 873 (n=2) 1293 (n=2) 32
(U/ml) PHA (MC)b 168 + 154 284 + 280

TNF(pg/ml) ConA + PMA 13412 (n=2) 10809 (n=2) 32

PHA (MC) 2160 + 519 996 + 839
GM-CSF ConA + PMA 5275 + 1962 2577 + 1006 34
(pg/ml)

aPMA = phorbol myristate acetate; PHA = phytohemagglutinin
bWhole blood mononuclear cells (MC) were used.
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lymphokines produced under these conditions were generally lower; this was
also observed for the other lymphokines, including the markedly lower
production of IFN-y and of IL-4 by neonatal T cells31. Marked differences in
IFN-y and IL-4 production also were obtained when T cells were stimulated
with the calcium ionophore ionomycin and PMA. These results show that
the differences in IL-4 and IFN-y production can not merely be explained by
differences in signalling through the TCR-CD3 complex, which is bypassed by
ionomycin and PMA28.31, These data also indicate that the major factor in the
decreased production of IFN-y by neonatal T cells is intrinsic to the T cells
themselves; immaturity in the capacity of macrophages from neonates to help
neonatal T cells produce IFN-y?8:35 may be an additional but relatively minor
factor in the differences observed.

Diminished Production of Lymphokines is Due to Diminished Transcription

of Their Cognate mRNAs
The differences between adult and neonatal T cells in production of

IFN-y and of IL-4 and the relative amounts of these two lymphokines in
culture supernatants were paralleled by differences in mRNA abundance, as
determined by Northern blots, and mRNA transcription, as determined by
nuclear run-on assays3!:33. In an occasional experiment, small amounts of
IL-4 mRNA were detectable in activated neonatal T cells but this was always
much less than in activated adult T cells. These results indicate that the
differences in IFN-y and IL-4 production between adult and neonatal T cells
primarily reflected differences in transcription of these genes in response to T
cell activation.

Others have attributed diminished IFN-y production by neonatal T cells
to suppression, one group suggesting that suppression was mediated by the
CD8 subset3” and the other group suggesting that it was mediated by the CD4
subset38. Accordingly, we sought to determine if diminished lymphokine
production by neonatal T cells was also seen with the isolated CD4 and CD8
subsets. In addition, to determine if diminished IFN-y production by neonatal
T cells reflected a reduced level of lymphokine production by individual cells,
a reduced number of T cells producing the lymphokine or both, we examined
individual cells for lymphokine mRNA by in situ hybridization. In
unfractionated T cells from adults and from neonates, ~30-50% contained
detectable IL-2 mRNA after activation with calcium ionophore and PMA. In
contrast, detectable IFN-y and IL-4 mRNA were found in 41% and 3% of adult
T cells but in only 3% and <1% of neonatal T cells, respectively. When T cells
from adults were fractionated into CD4 and CD8 subsets, IFN-ymRNA was
found preferentially in CD8 T cells (58%) as compared to CD4 T cells (34%) and
IL-4 mRNA was found preferentially in CD4 T cells (4%) as compared to CD8
T cells (<1%). However, although the same subsets of neonatal T cells were
enriched for these mRNAs as in adults, only 4% of CD8 T cells were IFN-y-
positive and <1% of CD4 T cells were IL-4-positive3l. Comparable results were
obtained by RNA blot analysis and by analysis of supernatants for IFN-y and
IL-4 content3l. These results do not exclude the possibility that a population
of neonatal T cells found both in the CD4 and the CD8 subset suppresses
expression by both subsets; however, a more direct explanation is that reduced
capacity to express these lymphokines is intrinsic to neonatal T cells. This is
further supported by the lack of inhibition of IFN-y production by adult cells
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when they are cultured in the presence of blood mononuclear cells from
neonates?28.

The Absence of Memory T Cells May be a Major Factor in the Neonates
Immaturity in IFN-y and IL-4 Production

We and others17,19 have shown recently that most of the IFN-y and
essentially all of the IL-4-producing T cells from adults are detected in the
population of memory T cells defined by the surface expression of the
CD45RO isoform of the leukocyte common antigen. In contrast, IL-2
production is approximately equal in naive and memory T cells from adults.
To determine if the greater production of IFN-y and of IL-4 adult T cells is
attributable to the memory T cell population, which is essentially absent in
neonates (see above), adult CD4 T cells were fractionated into CD45RA+
(naive) and CD45RO* (memory) subsets. CD4 T cells were analyzed because
they produced both IFN-y and IL-4 and were more easily isolated in numbers
sufficient both for supernatant and for RNA analyses. As shown by a
representative experiment (Table 2), IL-4 was not detected in supernatants of
CD45RA+ adult or neonatal CD4 T cells but was enriched in adult
CD45RO+CD4 T cells. Similarly, in supernatants of adult CD45RO+CD4 T cells
IFN-y was > 10-fold and >100-fold more abundant than in supernatants of
CD45RA* adult and neonatal CD4 T cells, respectively. Results parallel these
obtained by in situ hybridization (Table 2) and by RNA blots!7.31. Although
not shown, the small amount of IL-4 produced by adult CD8 T cells appeared
also to be derived from the CD45RO* subset.

Table 2. IL-4 and IFN-y Production by CD4 Cells

% Cells + for  Supernatant concentration

Cells mRNA pM

IL-4 IFN-—y -4 IFN-y
Adult CD4 3 34 28 3340
Adult CD4 CD45RO+ 8 51 58 4895
Adult CD4 CD45RA+ ND ND <4 335
Neonatal CD4 <1 3 <4 30

These results suggest that a deficiency in memory T cells may be one
determinant of the neonates immaturity in production of IFN-yand of IL-4.
Two additional observations suggest that the absence of memory T cells is
likely to be a major factor, at least for IFN-y. First, both the number of
CDA45RO* T cells and the capacity of infants' T cells to produce IFN-y increase
gradually with age, although a direct cause and effect relationship between
these two events has not been established439.40. Second, if the absence of
memory T cells is a major factor in the immaturity in IFN-y production by
neonatal T cells, one would predict that once a detectable antigen-specific T
cell response develops, then IFN-y production in response to that antigen
should soon approximate that of T cells from adults responding to the same
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antigen. In longitudinal studies of neonates and adults with primary herpes
simplex virus (HSV) infection performed by Burchett et al.41, this was the
case. Although blood mononuclear cells from infected neonates made much
less IFN-vy in response to HSV antigen than those from adults in the first 30
days of infection, there was no difference by 2 months, by which time HSV-
antigen responsive memory T cells were detectable in lymphocyte-
proliferation assays in these infected neonates as well as in the infected adults.
Interestingly, when assayed at > 2 months after onset of infection, production
of IFN-y by the infants' cells in response to HSV antigen was nearly equal to
that produced in response to the mitogen Con A, whereas adult cells
continued to produce much more IFN-y in response to Con A than to HSV
antigen. Although this observation may be interpreted in other ways, it is
consistent with the presence of many additional memory T cells primed by
previous exposure to antigens other than HSV in the adults that are not yet
present in the more immunologically inexperienced infants. In preliminary
experiments, we have also found that T cell lines derived from neonates,
which have been propagated in vitro for one month or more by stimulation
with mitogen, allogeneic cells and IL-2 , appear to produce IFN-y as well as do
similar lines of adult T cells; such lines express CD45RO and not CD45RA (not
shown).

These findings suggest that the acquisition of memory T cells may be a
major determinant of maturation for IFN-y production. However, it is
important to note that the results of the studies done in vitro may not
necessarily fully reflect what occurs in vivo. As shown in Fig. 1, it is not
known if neonatal T cells, which are not only CD45RA+ but also express
CD38, are able to mature directly into cells of the memory phenotype
(CD45RO+). 1t is possible that such cells progress through an intermediate
stage in which their phenotype is identical to that of naive T cells in adults.
Alternatively, the CD38+ cells may be short-lived cells not capable of
differentiating into memory T cells in vivo and may not be released from the
thymus postnatally; in this scheme, cells exiting the thymus into the
periphery postnatally, which are the precursors of memory T cells, would not
express CD38. As a consequence of any of the above schemes, the derivation
of memory T cells in response to an antigen challenge might be less efficient
or more slow to occur in neonates than in mature individuals. Consistent
with this prediction, slower acquisition of a detectable antigen-specific T cell
response (and presumably therefore antigen-specific memory T cells) was
observed in the studies of neonates with HSV infection described above4l.
This lag in acquisition of a detectable antigen-specific response is also
consistent with the smaller fraction of HSV antigen-reactive precursor cells in
neonates noted by Hayward and his colleagues14.

Potential Mechanisms for Decreased Transcription of IFEN-y and of IL-4 by
Neonatal and Adult Naive T Cells

Production of most lymphokines, including IFN-y and IL-4, by T cells
occurs only following activation. T cell-activation occurs as a consequence of
engagement of the TCR by the antigen-MHC complex and is mimicked by
mitogens. This process results in the transmission of a signal from the
plasma membrane, which subsequently results in the activation of
transcription of a series of genes in a contingent and orderly process
(reviewed in 42,43). Transcription both of IFN-y and of IL-2 (also presumably
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Figure 1. Post-thymic differentiation of T cells.

of IL-4) and other early activation genes begins within 1 h following
stimulation, following the induction of the immediate, early genes. The exact
process by which the signal from plasma membrane is converted to a change
in the nucleus resulting in transcription of these or other genes is not fully
understood. However, within the first min following activation a number of
events occur. Phosphorylation of cellular proteins on tyrosine may be the
first event, since it is detectable within 5 sec#4. Soon thereafter increased
generation of inositol phosphates is detectable and this is associated with an
increase in intracellular calcium and activation and translocation to the
plasma membrane of protein kinase C. Subsequent to these events there is a
modification of proteins that bind to and activate a series of genes, ultimately
including the lymphokine genes43; these proteins are often referred to as
trans-acting factors because they are not directly linked to the gene(s) they
affect but do modulate the gene's expression; that is, they act in trans.

The differences in lymphokine gene transcription noted above may be
mediated by differences at any of the steps in this pathway. Many of the
initial steps in this pathway appear not to differ in neonatal and adult naive T
cells from those in adult memory T cells. Since induction of proliferation
and of many of the lymphokine genes, e.g., IL-2, is similar in response to
lectin mitogens, alloantigens, and to the superantigen45 staphylococcal
enterotoxin A28, transduction of signals from the plasma membrane to the
nucleus in response to mitogens is sufficient to mediate these processes.
Further, since direct induction of an increase in intracellular calcium by
ionomycin and direct activation of protein kinase C by PMA does not
enhance IFN-y and IL-4 by naive T cells, it is unlikely that deficits in these
events account for the observed differences. We have also found that
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translocation of both of the isoforms of protein kinase C, which are known to
be expressed in T cells (BII and o), in response to ConA + PMA is similar in
neonatal T cells, adult naive T cells, and adult memory T cells. Similarly,
expression of the tyrosine kinases Ick and fyn, which are believed to play a
role in proximal events of T cell activation46-48), appears to be similar in
memory T cells from adults as compared to naive T cells from adults or
neonates. These results do not exclude other potential differences in signal
transduction mechanisms between adult memory T cells and naive T cells
from adults and neonates. In fact, the diminished proliferation of these non-
memory T cell populations in response to stimulation with antibodies to CD3
or CD221,49,50, whereas, responses to other mitogens are similar to memory T
cells, suggests that some differences in proximal signal transduction do exist.
Nevertheless, such differences do not appear to be sufficient to account for the
selectively diminished production of IFN-y and of IL-4, which are seen with a
wide variety of stimuli, including those which induce normal proliferation
and II-2 production.

Accordingly, we are currently focusing on factors in the nucleus that act
directly to mediate transcription of the IFN-y gene. We are testing the
hypothesis that differences in trans-acting factors binding to and affecting
transcription of these genes mediate the developmental differences in IFN-y
and IL-4 expression. To do so, we have initiated studies to map in detail the
regulatory regions controlling IFN-y transcription. Regions of the IFN-y gene
have been linked in plasmid vectors to the bacterial p-galactosidase gene and
used in transient transfection of T cells. Initial results using the Jurkat T cell
line, suggest that many of the sequences important for activation specific gene
expression in T cells are located within 540 base pairs 5' of the transcription
initiation site. These preliminary results are consistent with recently
published data from another group>1:52. More detailed mapping of this and
other putative regulatory regions is needed to guide studies designed to
identify trans-acting factors binding to these regions and particularly to
identify those which account for the greater production of IFN-y by memory T
cells.

Immunological Consequences of the Neonates Immaturity in Lymphokine

Production

The functions of IFN-y and of IL-4 have been reviewed recently, as
have other aspects of host defenses in the neonate29,30,53,54, JFN-y and IL-4
both play important roles in the modulation of antigen-specific and non-
antigen-specific immune responses. Accordingly, the immaturity in
production of these lymphokines by neonatal T cells may be an important
factor compromising the neonates resistance to infection. In certain cases,
both IFN-y and IL-4 have similar or synergistic effects on immune function.
For example, both act to enhance the development and function of cytotoxic T
cells3556. Both also act to increase the expression of MHC class II molecules
(HLA-D in the human) on may cell types (IFN-y) or on B cells (IL-4). Increased
expression of class I MHC molecules acts to enhance the antigen-recognition
phase of specific immunity by increasing the presentation of antigen to CD4
(helper) T cells. IFN-y many further enhance this phase of the immune
response by increasing the production by macrophages of IL-1 and the surface
expression of important intracellular adhesion molecules including ICAM-
157,58, Under appropriate conditions, both act to enhance B cell
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proliferation36,59,60, Similarly, IL-4 and IFN-y synergistically enhanced
production of secretory component by an intestinal epithelial cell line in
vitro; if this also occurs in vivo it may increase the translocation of polymeric
IgA into secretions®l.

In certain situations, IFN-y and IL-4 may play important roles in
differential regulation of the immune response. This is clearly the case for
the regulation of the isotype of immunoglobulin produced by B cells. IL-4
augments the production of IgE, an effect antagonized by IFN+y, both in vitro
and in vivo62-66, In addition, IL-4 appears to modulate many of the effects of
IFN-y on macrophages. IFN-y markedly enhances the capacity of macrophages
to kill or inhibit the growth of many microbial pathogens and to release pro-
inflammatory mediators and cytokines (reviewed in 53). IL-4 antagonizes
macrophage colony-formation, superoxide-production, and the release of IL-1
and chemo-attractants67-69; IL-4 may also inhibit the antiviral activity of IFN,
although this latter effect has only been shown in murine cells?0.

Thus, a combined deficiency in IFN-yand IL-4 production might act to
impede the efficient induction of specific immune responses both by T cells,
and B cells, impair the generation of antigen-specific cytotoxic T cells and
might interfere with the normal modulation of the efferent phase of specific
and non-specific immunity. Many of these effects are characteristic of the
neonates immune response. These include delayed induction of antigen-
specific immunity, impaired generation of cytotoxic T cells, limitation in the
diversification of immunoglobulin isotypes produced, and impaired defenses
against intracellular pathogens (reviewed in 53,54). In regard to the latter,
recent data strongly suggest that the immaturity in production of IFN-y is
likely to be a critical factor in the unduly severe disease produced by
Toxoplasma infection in the fetus. IFN-yappears to be the critical mediator
derived from T cells that allows the host to effectively contain infection with
this intracellular parasite, probably in large part due to its capacity to activate
macrophages to kill Toxoplasma and in other cells to inhibit its intracellular
replication. Similarly, data from Kohl71 indicate that IFN-y is the only
cytokine yet evaluated that allows human neonatal mononuclear cells to
adoptively transfer protection against HSV to neonatal mice, which, like their
human counterparts, are highly susceptible to fatal, disseminated infection; in
contrast, mononuclear cells from adult humans can transfer adoptive
immunity when either IFN-y or IL-2 is added, reflecting the ability of adult but
not neonatal T cells to produce IFN-y in the presence of IL-2. The mechanism
by which IFN-y acts to confer protection is not clear but may indude its ability
to enhance NK function, directly inhibit viral replication, contribute to the
development of cytotoxic T cells and stimulate macrophages to inhibit viral
replication.

CONCLUSIONS

T cells in the fetus and neonate are phenotypically immature and are
also naive — lacking previous exposure to exogenous antigens. This antigenic
naivete may be an important factor in the functional differences between T
cells from neonates and those from adults. Compared to memory T cells
from adults, T cells from neonates are deficient in several functions, among
which is the capacity to produce certain lymphokines. The most striking
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deficiency is in the production of IFN-y and of IL-4. Diminished T cell
function appears to be an important factor in the overall immunological
immaturity of the neonate. Studies to elucidate the molecular and cellular
bases for these differences are important to further our understanding of
normal development. Further, such information is necessary if we are to
intelligently develop means to enhance the neonate's resistance to infection
through passive or active immunological intervention.
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GROWTH FACTORS AND THE DEVELOPMENT OF NEONATAL HOST

DEFENSE
Julie E. Bines and W. Allan Walker
Combined Program in Pediatric Gastroenterology and Nutrition
Children's Hospital, Massachusetts General Hospital and
Harvard Medical School

INTRODUCTION

Following birth, the gastrointestinal tract of the newborn undergoes
important adaptive changes to the extrauterine environment. These changes
include the development of an effective mucosal barrier against the
penetration of antigens and antigenic particles presented to the intestinal
surface by way of ingestion of milk or soy proteins, bacterial colonization of
the gut, and formation of toxic byproducts of bacteria and viruses. Immaturity
of this mucosal barrier may result in clinical disease states to which the
newborn is specifically susceptible such as necrotizing enterocolitis, toxigenic
diarrhea, and intestinal allergy. The content of breast milk is postulated to be
an important modulator of the infants adjustment to the external
environment.

THE DEVELOPMENT AND FUNCTION OF THE INTESTINAL MUCOSAL
BARRIER

Macromolecules present in the intraluminal environment may
traverse the intestinal mucosal surface either via specialized M cells overlying
intestinal lymphoid tissue, endocytosis by the enterocyte or by peracellular
migration through the zona occludens (Fig. 1)1. Attachment and penetration
of macromolecules into the intracellular environment is limited by the
gastrointestinal mucosal barrier which is composed of both immunological
and non-immunological mechanisms (Table 1).

Non-immunological mechanisms. The non-immunological
components of the gastrointestinal barrier represent the first line of defense to
macromolecules by way of mechanical and chemical mechanisms.
Intraluminal binding and breakdown by saliva, gastric acid, and digestive
enzymes, contribute to the fragmentation and denaturation of intraluminal
antigens.

The mucosal surface, consisting of the microvillus membrane and its
overlying mucus layer, represent an important physical barrier to the
attachment, uptake and transport of intraluminal antigens and bacteria from
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Figure 1. Schematic representation of the modes of entry of food antigens
across the intestinal mucosa. The antigens in the gut lumen enter
via (1) the specialized microfold epithelial (M) cells of the Peyer's
patches in the normal intestine; (2) across the enterocytes in the
immature intestine, and (3) the inter-epithelial tight-junction in the
osmotically stressed intestine. Lymphocytes within the Peyer's
patches are stimulated by antigens presented by macrophages (P).
These lymphoblasts migrate to mesenteric lymph node (MLN) for
further maturation and then enter the systemic circulation to
redistribute along the submucosal sites where they mature into IgA-
producing plasma cells (Reproduced with permission from N.
Lyngkaran and M. Yodav, in: "Immunopathology of the Small
Intestine,” M. N. Marsh, ed., John Wiley & Sons, Toronto, p. 415,
1987).

Table 1. Components of the Mucosal Barrier

Non-immunologic factors:
1 Intraluminal
Saliva
Gastric acid
Gastric, intestinal, and pancreatic enzymes
2) Intestinal motility
3) Mucosal surface
Mucus layer
Microvillus membrane
Immunologic factors:
(1)  Secretory IgA
) Cell-mediated immunity
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the intestinal lumen into the intracellular environment of the enterocyte.
The biochemical composition and thickness of the mucus layer, influences
the accessibility of antigens to the microvillus membrane. In the neonatal rat
model, the mucus glycoproteins making up this layer, have a lower
carbohydrate to protein ratio, a higher buoyant density, and a decreased
content of fucose and N-acetylgalactosamine than the adult?23. Studies suggest
that the carbohydrate moieties of this mucus glycoprotein layer may act as
binding sites or receptor inhibitors for ingested antigens, microorganisms and
toxins4.7.

The composition of the microvillus membrane of the intestine alters as
the epithelial cell migrates from the crypt to the villus tip and as the animal
matures. The microvillus membrane of the neonatal animal has a higher
cholesterol and phospholipid content resulting in a higher lipid/protein ratio
than that found in adult animals8.9. These differences may explain the
decreased organization of the membrane and the increased membrane
permeability noted in studies in developing animals?. Carbohydrate analysis
of the microvillus membrane glycoconjugates have shown that the sialic acid
content is higher and the fucose content is lower in the newborn ratl0.
Changes in the activity of the enzymes, sialyl transferase and fucosyl
transferase, parallel carbohydrate levels during maturationll. As a result of
these differences the accessibility of certain carbohydrate side chains and
glycolipids within the microvillus membrane differ in neonatal and adult
animals and may significantly influence the attachment of antigens, bacteria
and toxins to the mucosal surface.

Immunological mechanisms. In the normal adult, antigens which
traverse the mucosal epithelium induce a local immune response resulting in
the production of dimeric immunoglobulin A (IgA) by primed IgA-producing
plasma cells in the lamina propria. The specific IgA is then bound to the
secretory component, an epithelial glycoprotein receptor, and transported
across the epithelium to be released onto the mucosal surface. It is postulated
that this specific IgA binds antigen in the intraluminal environment thus
suppressing the transport of further antigen across the epithelium12.

Although the secretory component of the IgA complex is normally
present in the intestinal mucosa by 22 weeks gestation, IgA-producing cells are
not seen in the mucosa of the intestine until approximately 12 days of agel3.
Similarly, the concentration of IgA in saliva does not reach significant levels
until at least 14 days of agel4. It is postulated that this transient IgA deficiency
may contribute to the increased transportation of macromolecules across the
epithelium in newborn period4. This hypothesis is supported by studies in
patients with selective IgA deficiency who have been shown to develop
circulating immune complexes soon after consuming bovine milk and have
higher titers of serum bovine milk antibodies than found in normal
subjects415,

Cell-mediated immunity and the production of other immunoglobulin
classes in the intestinal lymphoid system also differ in the newborn and the
adult animal. Studies in neonatal animals fed ovalbumin have demonstrated
an enhanced cell-mediated immunity and IgG and IgE antibody production
(or "priming"), while in contrast, adults and weanlings fed the same quantity
of antigen showed significant suppression of specific responsiveness (or
tolerance)16,17. The mechanisms responsible for the induction of tolerance in
adults may be the result of a series of complex maturational events of the
gastrointestinal and lymphoid systems. Experiments in neonatal mice have
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shown that antigens either injected parenterally, or absorbed via the
gastrointestinal tract, produce similar systemic concentration of antigens. It
has therefore been suggested that immunoreactive antigens are taken up in
greater quantities in newborns compared to adults due to the less effective
mucosal barrier4.16. In addition, fragmentation of antigens during the
digestive process may play a role in the induction of tolerance in adults.
Denatured or fragmented proteins injected parenterally are capable of
inducing systemic tolerancel819. While these fragments may not be detected
by traditional immunoassays which rely on the binding of specific antibody to
the fragments, they have been shown to induce suppression of T lymphocytes
in vivo. The production of suppressor T lymphocytes and inhibition of the
response of specific helper T lymphocytes have been demonstrated in
response to protein antigen or antigenic fragments in vitro20-23. Therefore,
the character and degree of antigenic fragmentation in the gut may influence
the type of stimuli presented to specific T and B lymphocytes within the
lamina propria and may in part account for the differences in the
immunological response to ingested antigens in the neonate and adult.
Failure to develop T cell modulation of the B lymphocyte response may result
in enhancement of the IgE and IgG production to specific antigen and may
result in the development of IgE-mediated allergy or IgG complex disease?.
Figure 2 depicts the enteromammary immune system, a very important and
unique means of delivering maternal IgA to the infant gut to protect the
mucosal surface until these immaturities are developed.

THE EFFECT OF FEEDING ON GASTROINTESTINAL DEVELOPMENT

Maturation of the gut is directly influenced by feeding. Piglets fed
colostrum during the first 24 hours of life had a significantly greater increase
in the size, weight, and DNA content of the small intestine compared with
piglets fed water during this same period24. While artificial feeding causes
growth of the small intestine, animal studies have shown that the increase in
mucosal mass, DNA, and protein content of the small intestine is much
greater in animals fed breast milk25. These studies strongly suggest that breast
milk provides an important stimulus to the development of the neonatal
intestine and may play a role in the development of the neonate's own
intestinal host defenses.

In contrast to artificial milk, human and animal breast milk contain a
number of factors including hormones, peptides, amino acids, and
glycoproteins that may act to promote gastrointestinal maturation (Table 2)26.
The duration of lactation appears to influence the degree of breast milk-
stimulated intestinal growth and maturation. In the newborn rat, the
concentration of DNA and the rate of DNA synthesis was greater in animals
fed colostrum in comparison to animals fed mature milk (Fig. 3)27. This
suggests that colostrum may contain growth factors not present in mature
milk or present in higher quantities in colostrum.

Epidermal growth factor is an example of a polypeptide found in
significantly higher concentrations in colostrum than mature milk28. It has
been shown to increase DNA synthesis and mitotic activity and enhances
brush-border membrane enzyme activity when injected into suckling mice2?-

34



Maternal
Mouth
Breast
Other Mucosal
Surfaces
Maternal
Gut Bloodstream
S Infant
Gut T

Mesenteric
Node Thoracic
/ Duct

Figure 2. Dietary antigen entering the maternal gut reaches lymphoid follicles
through specialized transport cells (M-cells). This antigen commits
the lymphoblasts to specific IgA production, and these then migrate
via mesenteric nodes and thoracid duct into the systemic
circulation. During the periods of proper hormonal stimulation,
such cells populate the breast and secrete S-IgA, which then is
ingested by and functions in the infant. T cells, B cells, and
macrophages are also the extruded into the breast milk and are
immunologically active (Reproduced with permission from R. E.
Kleinman and W. A. Walker, Dig. Dis. Sci. 24:876, 1979).

Table 2. Factors in Breast Milk that May Promote
Gastrointestinal Maturation

Epidermal growth factor
Nerve growth factor
Somatomedin-C
Insulin-like growth factor
Insulin

Cortisol

Thyroxine

Taurine

Glutamine

Lactose

Amino sugars
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31, Epidermal growth factor is resistant to acid denaturation and inactivation
by trypsin and therefore is likely to be available in its active form in the
neonatal small intestine28 (Fig. 3). Although epidermal growth factor activity
is still detected after a lactation period of 6 months, its ability to stimulate
DNA synthesis decreases as the lactation duration increases28.
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Figure 3. Stimulation of DNA synthesis by milk as a function of time in
lactation period. Mitogenic activity is still present at 6 months but
its ability to stimulate DNA synthesis decreases as time in lactation
period increases (Reproduced with permission from D. Tapper, M.
Klagsbrun, and J. Neumann, J. Pediatric Surgery, 14:803, 1979).

The influence of cortisone acetate in the maturation of the developing gut is
well recognized. While hypophysectomy or adrenalectomy causes delays in
gastrointestinal maturation, intraperitoneal injection of cortisol to suckling
animals resulted in lengthening of the microvillus and enhanced brush
border enzyme activity32-34. Acceleration of maturation of the intestinal
mucosal barrier, as evidenced by decreased serum concentration of enterally
fed ovalbumin, is found in newborn rats receiving cortisone during the
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prenatal period35. Bacterial colonization of the mucosal surface was lower in
rats treated with prenatal cortisone, perhaps as a result of alterations in
glycoconjugates on the mucosal surface induced by cortisone. Translocation
of bacteria to the liver was also less in rats receiving with prenatal cortisone
suggesting that both the decreased number of bacteria attached to the mucosal
surface and maturation of the mucosal barrier may play an important role in
the prevention of necrotizing enterocolitis in neonates receiving prenatal
cortisone33. While these studies report on the influence of intraperitoneally
or parenterally administered cortisone, it is likely that cortisone presented to
the intestine in breast milk may have similar effects on the maturation of the
neonatal intestine36.

Carbohydrates, such as lactose, present in breast milk have been shown
to influence disaccharidase activity37. Long-term breast feeding prevents the
decrease in lactase activity that is normally associated with weaning38:39. The
role of glutamine has received recent attention in the preservation and repair
of the mature small intestine40-42.  Glutamine is also found in significant
quantities in breast milk where it may provide an important fuel source for
the growing intestine43. The amino sugars, N-acetylglucosamine and N-
acetylneuraminic acid, are also found in significant quantities in human
breast milk, especially during the first 5 weeks of lactation#4. These sugars are
important for the synthesis of surface proteins and lipids in the brain and
intestinal epithelium. Changes in glycosylation of the microvillus membrane
due to the incorporation of these amino sugars may influence the ability of
microorganisms and antigens to attach to the mucosal surface.

In addition to hormones present in breast milk, the gastrointestinal
tract endogenously produces at least 8 different peptide hormones. Within
the first 4 days of life, feeding produces significant rises in serum levels of
enteroglucagon, gastrin, and motilin45. The hormonal profile in six day old
infants differs in infants fed breast milk or from those fed artificial milk46.
While the changes in these hormone levels parallel gut maturation it is likely
they also play a role in post-natal gut development.

CONCLUSIONS

The development of the gastrointestinal mucosal barrier represents an
important adaptation of the neonate to the extrauterine environment.
Maturation of the non-immunological and immunological components of
this barrier enables the infant to protect itself against the attachment and
penetration of potentially harmful antigens, bacteria, and toxins. The
composition of breast milk may provide factors important for the stimulation
of maturation of the gastrointestinal mucosal barrier and the development of
the neonate's own host defenses.
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INTRODUCTION

Amniotic fluid (AmF) provides a protective environment for the
unborn fetus. A number of immunologic factors typically found in mucosal
secretions, including milk, are present in AmF. These include several innate
anti-microbial substances such as lysozyme, lactoferrin, transferrin,
peroxidase, and interferon-al->. The concentration of most of these factors
increases in the AmF as the fetus matures, despite an overall decline in
amniotic fluid protein concentration?. Specific immunologic factors in the
AmF include maternally derived IgG and low levels of IgA and IgM6. The
IgA2 in AmF has been shown to be of fetal origin based on the allotypic
marker A2m7. Low levels of IgA, IgM and secretory component (SC)-positive
antibodies specific for Escherichia coli and poliovirus are detectable in AmF
from early (14-20 wks) and late (30-40 wks) gestational samples8. However, the
frequency of detecting these antibodies in these samples did not seem to
increase with gestational age.

The human fetus begins to express SC in various tissues by the seventh
week of gestation?. The free SC (FSC) content and structural forms of
secretory IgA (S-IgA) in AmF have been of recent interest in our laboratory10.
The purpose of the present study was to examine the development of FSC and
various molecular forms of S-IgA in AmF during gestation and to examine
their relationship with several other mucosal immune factors in this fluid.
The results suggest that the mucosal polymeric immunoglobulin transport
system is functional in the fetus early in gestation. Its development is
correlated with that of other immune factors in amniotic fluid during
gestation, suggesting that the cells capable of transporting immunoglobulins
also produce other immune factors. AmF may represent the earliest
functional expression of the mucosal immune system in the fetus. Further,
since AmF is swallowed by the fetus, this secretion may represent the first
external exposure to several immune factors that will subsequently be
provided by human milk.
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MATERIALS AND METHODS

Amniotic Fluid

Samples were obtained aseptically by abdominal amniocentesis for
either fetal genetic-metabolic analysis or for phospholipid quantification.
Gestational age was determined either by ultrasonography or by dates obtained
by accurate maternal reports. For each sample, protease inhibitors were added
(1 mM PMSF and 10 mM leupeptin), cells and debris were removed by
centrifugation, and the samples were stored frozen at -20° C until analyzed.

ELISA for ESC, Lactoferrin, and Lysozyme

Each of these factors were quantified by specific ELISA's which have
been described in detail elsewherel0,11. The values presented in the text
represent the average of duplicate determinations for each sample tested.
Two of 33 AmF samples were excluded from the analysis because their
lysozyme values were well outside the range of the other AmF's from similar
gestational age.

Western Blots

SDS-PAGE (7-10% polyacrylamide) was performed to separate the
multiple forms of SC in amniotic fluid. The Western blotting technique has
been described previously in detaill0. Antibodies used to detect specific SC-
and S-IgA related structures included: 1) rabbit polyclonal antibodies (anti-
human SC, anti-human colostral S-IgA, anti-human « chain, and anti-human
light chain, Dako, Carpinteria, CA), and 2) monoclonal antibodies produced in
our laboratory and described elsewherel2: 5E8 (o chain-specific), 3F7 (SC-
specific), 5G4 (S-IgA-specific) and 4B7 (x chain-specific).

RESULTS

FSC Content in AmF

The FSC concentration in amniotic fluid samples taken at various
gestational ages was determined by a quantitative ELISA. The ELISA
technique we used is specific for the free forms of SC, since it is based on the
specific binding to polymeric IgA-coated walls. The FSC bound to the plate
was detected by specific polyclonal antibody to SC10. Fig. 1 shows the FSC
concentrations of 27 different AmF samples. These results represent a subset
of AmF reported on previouslyl0, for which we had adequate sample volume
to measure lactoferrin and lysozyme. FSC was detected in all samples
obtained from pregnancies of greater than 21 wks duration!0. Lower
concentrations of FSC were also detected in two out of three of the earliest
samples tested (16 wks). FSC concentration in AmF appears to be directly
related to gestational age. Because of the relatively small number of samples
obtained for ages less than 26 wks, only the data from samples dating 28-40
wks was subjected to simple linear regression. The regression of FSC
concentration against gestational age yielded a line with a slope of 1.026 and a
correlation coefficient of 0.499, indicating that FSC concentrations in AmF
increase with gestational age from 28-40 wks.
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Figure 1. The effect of gestational age on the concentration of free SC in
AmF. AmF samples taken at various gestational ages were assayed
for FSC concentration by quantitative ELISA. Points on the scatter
plot represent the average of duplicate determinations of FSC in
individual samples. This data is a subset of data published
previously10.

Relationship of FSC to Other Mucosal Immune Factors in AmF

A number of anti-microbial substances have been described in AmF.
We quantified two of these, lactoferrin and lysozyme, and compared their
concentrations at various gestational ages to the quantity of FSC in the same
AmF samples. Thirty three individual AmF samples were analyzed in the
three specific ELISA's. Lactoferrin concentration increased with gestational
age, attaining concentrations of 3-5 ug/ml by the end of normal gestation. Fig.
2 presents the relationship between the concentrations of FSC and lactoferrin
in individual AmF samples. The r value of 0.583 indicates that a significant
positive correlation exists between the FSC and lactoferrin concentrations in
AmF.
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Figure 2. The relationship between FSC and lactoferrin concentrations in

AmF samples at various gestational ages. FSC and lactoferrin

concentrations were determined by quantitative ELISA's. Points

on the scatter plot represent the average of duplicate

determinations. The FSC values are the same as presented in Fig.
1.
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Lysozyme concentration also increased with

gestational age in parallel

with that of FSC and lactoferrin. Fig. 3 shows that there is a direct relationship

(r=0.399) between the concentrations of FSC and 1
represents the relationship between lactoferrin an
during gestation.

correlation between the concentration of these factors.

Figure 3.

Figure 4.
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Structural Analysis of AmF S-IgA by Western Blotting

Fig. 5 represents a Western blot identifying the various forms of SC
(both free and IgA-associated) in AmF. An individual 40 wk gestation AmF
sample was compared to purified dimeric IgA, S-IgA, and FSC standards. The
blot was developed using a rabbit anti-human colostrum Ab preparation
which contains Ab's specific for SC and o chain.

As demonstrated by ELISA in Fig. 1, AmF from late in gestation
contained substantial amounts of FSC (78 kDa band in Fig. 5). However, a
unique set of AmF proteins of 170-200 kDa also stained positively with the
antibody to human S-IgA. (380 kDa). A very small amount of S-IgA of the
typical (380 kDa) size was detectable in approximately 80% of the AmF samples
tested. Thus the majority of AmF samples contained SC in both the free (78
kDa) and two IgA associated (170-200 kDa and 380 kDa) forms.

M.W. Std.
digA
slgA
FSC
AmF

96

55
43

Figure 5. Molecular forms of SC in AmF as shown by Western blotting.
Samples were separated by 10% non-reducing SDS-PAGE. After
transblotting onto nitrocellulose, SC and IgA were detected by a
polyclonal anti-colostral S-IgA antibody preparation. Lanes are as
follows (from left to right): 1) M. W. Std., molecular weight
standards, sizes for 96 kDa, 55 kDa, and 43 kDa are indicated along
left border; 2) dIgA, purified human serum dimeric IgA (0.5 pg); 3)
S-IgA, purified human milk S-IgA (0.25 pg); 4) FSC, purified
human milk FSC (0.25 pg); 5) AmF, human amniotic fluid (20 ul)
(used with permission from J. Immunol.)10.
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We have recently partially characterized the unusual forms of IgA in
the 170-200 kDa rangel0. As shown in Fig. 6, these IgA forms stained with
both polyclonal and monoclonal Ab's specific for the a chains, light chain, and
SC. In lanes 2-4, the staining with polyclonal antibodies specific for SC, o, and
light chain is shown. Staining of both the 380 kDa S-IgA and the 170-200 kDa
forms was seen with all three antibody preparations. The staining with
mAB's in lanes 5-8 substantiates the results found with the polyclonal
preparations. These results demonstrate that the 170-200 kDa moieties not
only contain SC, but also antigenic determinants of a and light chains. We
have also found that the size of the major peptide chains (SC, a, and light) in
the AmF IgA comigrate on reducing SDS-PAGE gels with those from typical S-
IgA isolated from human milk10. Thus, the lower molecular weight forms of
IgA in AmF seem to differ from typical S-IgA in the stoichiometry of the
chains rather than in the length of each peptide.

Polyclonal Ab to: Monoclonal Ab to:
o I 1T 1
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Figure 6. Western blots of amniotic fluid stained for SC, a, and light chains.
The same amniotic fluid was appllied to each lane of a 7% non-
reducing SDS-PAGE (20 ul per lane). After transblotting onto
nitrocellulose, individual lanes of the tranfer were cut apart and
stained separately with various monoclonal and polyclonal
antibodies followed by the appropriate secondary antibody-HRP
conjugates. The primary antibodies used on the individual lanes
are as follows (from left to right): 1) polyclonal anti-SC, 2)
polyclonal anti-o chain, 3) polyclonal anti-light chain, 4)
monoclonal anti-a chain (5E8), 5) monoclonal anti-S-IgA (5G4), 6)
monoclonal anti-SC (3F7), 7) monoclonal anti-x (4B7) (used with
permission from J. Immunol.)10.
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When samples of AmF from various gestational ages were compared
by Western blotting, the proportion of the small and large molecular forms of
IgA did not appear to be related to gestational age. Fig. 7 shows such a
Western blot stained with polyclonal antibodies specific for IgA. Since the
results of this assay are not quantitative, it is not possible to determine the
relationship between the concentration of any of the IgA forms and
gestational ages.

Gestational Age (weeks)

SIgA M.W.
Std. 30 35 29 36 17 38 16 39 Std.
(kDa)

TILNTT

~ 117

- 75

— 48

Figure 7. Western blot demonstrating the development of the various
forms of IgA in AmF. AmF samples from various stages of
gestation were separated on a 7.5% SDS-PAGE and transferred onto
nitrocellulose sheets. The transfers were developed with a
polyclonal antibody specific for « chains and an appropriate
secondary enzyme-conjugated antibody. Lane 1 contains a set of
molecular weight markers, the size of which is indicated in the
right margin. Lanes 2-8 were loaded with 25ul of AmF from
pregnancies, the gesttation age of which is indicated above each
lane. Lanes 9 and 10 contain S-IgA and FSC purified from human
milk.

DISCUSSION

We have recently reported that AmF contains a quantity of FSC that is
easily detected by Western blotting and ELISA10, The concentration of FSC
increases with gestation. During this same time period, the composition of
AmF proteins is shifting toward fetal origin and away from maternally
derived proteins. This finding suggests that the expression of the polymeric
immunoglobulin transport system (SC production) of the fetus begins early in
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gestation and increases as gestation progresses. By the end of normal
gestation, the concentration of FSC in AmF is comparable to those of saliva
and bilel0. The fact that low levels of fetally derived S-IgA is also present in
AmF suggests that the polymeric immunoglobulin transport system of the
fetal-placental unit is functional beginning early in gestation.

Our studies confirm the finding that both lysozyme and lactoferrin in
AmF increase with gestational age25. Our data for the development of
lactoferrin concentration in AmF were similar to those described previously4.
However, the values for lysozyme concentration, as determined in our ELISA
system, were approximately 10 fold higher than those reported previously3.
When we subjected some of the same AmF samples to an assay based on
lysozyme enzymatic activity (Micrococcus lysodeikticus assay) we found levels
(data not shown) similar to those reported previously. We have not found
such large discrepancies between the results from the ELISA and enzymatic
assay for lysozyme in other secretions. Our results suggest that most of the
AmF lysozyme detected antigenically in our ELISA is enzymatically inactive.

We also found that the development of AmF FSC levels parallels those
of both lactoferrin and lysozyme. These results suggest that all three of these
proteins may arise from the same epithelium or that common regulatory
mechanisms govern the production of epithelial antimicrobial factors and the
polymeric immunoglobulin transport system. These innate immune factors,
which are thought to play a role in mucosal immunity, may contribute to the
antimicrobial activity of AmF. Such activities may help to protect the fetus
against intrauterine infection. These same factors which are swallowed and
inspired by the fetus may provide transient protection against the onslaught
of microbes experienced soon after birth. Human colostrum and milk which
contains a high concentration of these same factors may take over this
function as soon as feedings are initiated.

We were able to confirm the presence of S-IgA in AmF as found by
others8. However, the predominant forms of S-IgA in AmF have sizes of
only 170-200 kDa. This heterogeneous set of proteins has antigenic
determinants of SC, « heavy chain, and light chain. J chain content in AmF S-
IgA has not yet been investigated. Further characterization of this unique set
of proteins is underway. However, based on our current data, one might
speculate that these proteins arise by reduction of interchain disulfide bonds
of 380 kDa S-IgA. Studies of in vitro reduction of S-IgA indicates that the
disulfide bonds between a and J chains, which hold the IgA dimer together,
are the most susceptible to reduction!l. Such reduction produces monomeric
fragments of the S-IgA molecule which resemble the 170-200 kDa AmF
moieties in molecular weight.

We have not yet quantified the various forms of IgA in AmF.
However, preliminary analysis of Western blots suggest that relative to FSC,
the concentrations of all of the molecular forms S-IgA in AmF are low and do
not change dramatically during the gestational period we have studied (15-41
wks.). These results are consistent with those previously reported using a
semi-quantitative IgA immunoassay’. The pattern of IgA development in
AmF is clearly different from that of FSC, lactoferrin and lysozyme which
increase substantially with gestation. This apparent difference suggests that
the development of IgA-producing plasma cells limits the secretion of S-IgA
into AmF.

Metabolic studies, using injection of radiolabelled proteins into AmF
indicate that more than two thirds of the AmF proteins, including IgA are
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cleared each dayl2. Thus, although the concentration of IgA in AmF is low,
the synthetic rate of S-IgA must be substantial. The most likely function for S-
IgA in the AmF is to provide a barrier between the fetus and microorganisms
that could produce intrauterine infections, a major cause of preterm labor2.

The precise site of clearance of the S-IgA from the AmF is unknown.
However, at term, approximately one liter of AmF is swallowed by the fetus
each day, while 250 ml per day is absorbed by other means (most likely across
the fetal membranes)!3. Clearly, both the respiratory and gastrointestinal
tracts of the fetus are potential sites of deposition for the S-IgA and the innate
anti-microbial substances found in AmF. These immunologic factors may
help to protect the neonate during the critical transition to extra-uterine life.
In this context, AmF may be considered the first form of mucosal immune
factors to be ingested by the developing infant.
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ONTOGENY OF THE SECRETORY IgA SYSTEM IN HUMANS
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INTRODUCTION

Secretory immunoglobulins consist of IgA or IgM, secretory component
(SC) and joining (J) chain. J chain is a 15 kilodalton polypeptide that
participates in the intracellular polymerization of IgA and IgM and is found
in plasma cellsl. J chain was also found at earlier stages of B cell
differentiation before the onset of immunoglobulin synthesis?. IgA or IgM is
produced by plasma cells, polymerized intracellularly and secreted into the
lamina propria of glandular tissues. SC, which is localized in the basolateral
membrane of glandular tissues, functions as a receptor for J chain-containing
polymeric immunoglobulins3. Ontogenically, it has been reported that SC
and IgM are expressed at an early gestational age while IgA usually appears
later45. However, the exact development of the secretory immune system in
the human fetus has not been examined extensively.

To identify the developmental stage at which «, p and J chains and SC
gene expression begins in human fetal tissues, we have used the polymerase
chain reaction (PCR) technique to determine the presence of corresponding
mRNA because human fetal tissues are very small and evaluating synthesis
of immunoglobulins, J chain, and SC by usual techniques would be
impossible.

MATERIALS AND METHODS

Gestational Age

Nineteen aborted embryos and fetuses aged 6 to 36 gestational weeks
were used in this study. Fetal liver, thymus, spleen, lung, and small intestine
were taken and processed for the extraction of mRNA.

Determination of the gestational age was made by crown-rump length,
fetal foot length, fetal palm length, morphological features of hand and foot
surfaces, and the date of last menstruation of the mother 6.7
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Preparation of cDNA

RN A was extracted from fetal tissues in an usual manner. Extracted
RNA was boiled for 5 min and RNase inhibitor (20 units), 1.25mM dNTP's,
oligo dT (1 pg/ml), 10 x PCR buffer [100mM Tris-HC1 (pH 8.3), 15mM MgCl,,
500mM KC1, 0.01% gelatin], reverse transcriptase (5 units), and 3'primer (10
pmol) were added. Reaction mixtures were incubated for 60 min at 42°C, and
heated at 94°C for 5 min and chilled on ice.

Amplification of cDNA by PCR

c¢DNA was diluted with 80ul of PCR reaction mixture (10 x PCR buffer,
followed by the addition of 40 pmol of the 3' primer, 50 pmol of the 5' primer
and 2.5 unit of Taq polymerase), the RNA-DNA hybrid was denatured at 95°C
for 30 sec, the primer was annealed at 55°C for 30 sec and the primer extended
at 72°C for 1 min. To prove that the assay detected RNA rather than
contaminating DNA, we also amplified samples without reverse
transcriptase.

Southern Blot Analysis

PCR products electrophoresed in 1.7% agarose gel were transferred to a
nylon membrane. After pre-hybridization (50% formamide, 5X SSC, 0.01M
Na3zPOy, 0.5% non-fat dry milk, 0.1% SDS), the membrane was hybridized
with 32P-labeled internal probe at 42°C for 3 h, then washed three times with
6X SSPE and subjected to autoradiography. The intensity of the signal was
determined by densitometric tracing.

Sequences of Primers and Probes

Sequences of primers and probes for J chain, p and o heavy chains, and
SC used in this study are shown in Table 1. Amplification of human J chain, p
chain, o chain, and SC sequences yields 208bp, 250bp, 380bp, and 258 bp
products, respectively.

RESULTS

Sensitivity and Specificity of the PCR Assay
To evaluate the sensitivity and specificity of the assay, a dilution

experiment was conducted. Total RNA from Daudi cells was diluted in steps
from 1 to 6 orders of magnitude by using 10pg of K562 total RNA per ml as the
diluent. The amplified products were analyzed by gel electrophoresis and
visualized under UV light by ethidium bromide fluorescence. A 10-° dilution
of 1 pg of RNA from the J chain-positive Daudi cell line still provided an
easily detectable signal in this assay. One microgram of RNA is roughly
equivalent to the amount contained in the cytoplasm of the 100,000 Daudi
cells (10pg of cytoplasmic RNA per cell). Thus, a 10-5 dilution represents
RNA from about one Daudi cell. Since only 1/10th volume of amplified
product was used for analysis, the positive signal represents the amplified
product of less than one cell equivalent. This result demonstrates that
detection is feasible even when expression of J chain occurs in very few cells.
To prove that the assay would detect RNA rather than contaminating
DNA, we also amplified samples without reverse transcriptase. No band was

observed in the gel, indicating that the RNA was not contaminated with
genomic DNA.
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Table 1. Sequences of Primers and Probe

Primer Sequence

J Chain

I54-1 CTGTAAAAAATGTGATCC (sense primer)
154-2 TACGGACGATAGGACTG (anti-sense primer)
154-3 CTGTTCCGGAAGCACTT  (internal probe)

p Chain

Cs1 ATCACGTGCCTGGTGAC  (sense primer)

Cs2 TGGACTTGTCCACGGTC (anti-sense primer)
CS3 TAACTCTTGTTTCGGTAA (internal probe)
sC

SC1 AGCAAGGCCTTCGTGAA  (sense primer)
SC2 AATGGCTTTGTTCTCAAT (anti-sense primer)
SC3 TAACTCTTGTTTCGGTAA (internal probe)

o Chain

al ATCCCCGACCAGCCCCA (sense primer)

o2 TACGACGGTGGGGGCTG  (anti-sense primer)
o3 AGTGCCTAGCCGGCAAG (a1 internal probe)
a4 AGTGCCCAGACGGCAAG (o2 internal probe)

Expression of ], y and ¢ Chains, and SC

In the early fetal liver, we found a significant reactivity of J chain
expression at the 6th gestational week while expression of the p chain was not
detected in the same RNA samples from fetal liver. Beginning at the 6th
gestational week, the frequency of J chain expression increased rapidly by
week 16. The expression of p chain at week 7 laged behind that of J chain, but
followed a similar rapid increase at the 16th gestational week. In other organs
(spleen, thymus, lung, and small intestine), J chain and p chain expression
was detected at week 16 (Fig. 1,2).

Alpha chain expression was found at week 16 in the thymus, lung, and
spleen, at week 24 in the small intestine and at week 36 in the liver (Fig. 3).

The expression of SC occurred at a different time in fetal organs. SC
was detected at week 7 in the small intestine, at week 16 in the lung, at week
20 in the thymus, and at week 24 in the liver (Fig. 4). No reactivity indicating
SC expression was found in the spleen.
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DISCUSSION

In B cell ontogeny, it is well-known that pre-B cells first express
cytoplasmic p chain, and then differentiate into B cells having surface p chain.
In humans, pre-B cells are found in fetal liver as early as 7 weeks of gestation
and surface IgM-positive B lymphocytes appear approximately two weeks later
as determined by immunofluorescence techniques2.8,9. Similarly, the
appearance of cytoplasmic p chain-positive cells precedes that of surface u
chain-positive cells in mouse fetal liverl0.
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As for ] chain expression during the B cell differentiation pathway,
McCune et al. provided evidence for J chain expression at the pre-B cell stage
of differentiation using a human cell linell. Similarly, Hajdu et al. suggested
that J chain expression actually precedes p chain synthesis during B
lymphocyte maturation!2. Early studies of the ontogeny of J chain expression
in chickens and pigs revealed that the J chain becomes detectable at different
stages of embryonic development as determined by immunocytochemical
techniques 13,14, As previously described, Iwase et al. reported that a few J
chain-positive cells in the human fetal liver were detected at the 16th
gestational week by the immunofluorescence techniquel5.

Our results clearly show that the expression of J chain in fetal liver
represents a relatively early event in B cell ontogeny, and occurs earlier than
that of p chain by approximately one week.

Although a small amount of IgA is detectable in the human fetus, it is
generally accepted that IgA synthesis occurs after birth5. A few IgA-producing
cells have been found at the 26th gestational week in the small intestine and
lung by immunocytochemical techniques!3. In this study, o chain expression
was detected at an earlier week (16th week) in the same organs by PCR.

The presence of SC in the developing human fetus has been reported at
8-12 weeks in the lung, and between 13 and 17 weeks in the small
intestine4.16. We found that SC expression occurred at different gestational
time periods in the human fetus in different organs. Thus, SC was detected at
week 7 in the small intestine, at week 16 in the lung, at week 20 in the
thymus, and at week 24 in the liver.

CONCLUSIONS

The expression of J chain in the fetal liver represents a relatively early event
in B-cell ontogeny and precedes that of u chain by approximately one week. In
contrast, o chain expression was found at relatively late stages of fetal
development. SC expression in the human fetus differed in its time course
between various organs.
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INTRODUCTION

It is now well appreciated that human infants at birth usually have
undetectable levels of IgA in the serum, which slowly rise over the first few
years of life to attain adult levels by pubertyl.2. Most newborns also lack
secretory IgA (S-IgA) at birth, with IgA in the saliva or tears not detectable
until the first wk. Increasing S-IgA levels are noted in the first few mo of life,
sometimes being demonstrated before serum IgA (3,4, Cripps et al., this
volumn). As noted by Moro et al., (this volume), as well as by others>.6, the
genetic and cellular mechanisms for the production of IgA responses are in
place before birth, although induction of IgA responses would necessitate
antigenic stimulation in utero. However, the subset of B cells involved in the
production of serum or S-IgA is still unclear. The B cells found in several
fetal organs and in the blood of the fetus and neonate are primarily of the
CD5+ rather than the CD5- subset; the latter represent the majority of B
lymphocytes in human adults7-9.

We have used the reverse enzyme-linked immunospot (RELISPOT)
assay - developed recently in our laboratories to measure the number of
circulating B lymphocytes secreting immunoglobulins (Ig) of different
isotypes10-12 — to determine the numbers of IgA-secreting cells (SC) in
neonates soon after birth, in comparison to those found in older infants and
in adults. After ascertaining the levels of Ig-SC in the blood of 48 normal
neonates within the first 5 d of life, we tested over 250 other neonates with
intrauterine-acquired syphilis, as well as various other suspected or proven
infections, most of which were acquired intrapartum or postnatally.
Comparisons of IgA-SC and serum levels of IgA were also made in the
neonates and older infants. Finally, the results of the studies described here
have been combined with those reported earlierl0-13 to provide a better
perspective on the continuum of the development of IgA-SC, and CD5+ and
CD5- B lymphocytes, from birth to 2 yr of life.
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MATERIALS AND METHODS

Study Populations

Venous blood was obtained, with parental consent, from neonates of
different gestational ages with a variety of suspected infectious conditions and
from apparently uninfected newborns. It has been found that Ig-SC are not
detectable in the first 5 d after an antigenic stimulus!4. Therefore, blood from
neonates was obtained within the first 5 d of life, a period during which any
elevations of Ig-SCs would be expected to reflect intrauterine antigenic
stimuli. Some of the infants were also studied at weekly intervals within the
first mo of life. For the B cell subset studies, blood was obtained from normal
subjects at birth (cord blood) and up to 2 yr of age, as well as from healthy
adult volunteers. For comparison, IgA-5C assays performed in healthy
individuals of different ages and reported elsewherel0.11 are also included.

Reverse enzyme-linked immunospot (RELISPOT) assay for Ig subclasses

The assay employs the basic RELISPOT method!4, as adapted in our
laboratoryl0, with some variations for this study, as noted below. Solid phase
antibody specific for the F(ab'); fragment of human IgG was used to capture all
Ig molecules (mainly through the light chains), as they were released from the
B cells in short-term culture. Local zones of captured Ig of different classes
were then identified by the biotinylated IgA-, G-, or M-specific antibodies (for
IgA1l and IgA2 subclasses, refer to earlier paper10).

The 96-well, nitrocellulose-membrane plate was pretreated by
overnight incubation with 100ul per well of goat anti-human IgG-F(ab'),, at
20pg/ml in PBS. After emptying the fluid content, the plates can be stored at -
20°C for up to 3 mo. At the time of testing, the plate was washed with PBS
(five times) and exposed to 100ul of 5% FCS in RPMI 1640 medium, for at least
30 min in a 5% CO;3 incubator. Peripheral blood mononuclear cells (PBMC)
were isolated, by Ficoll-Hypaque gradient centrifugation, from the heparinized
blood obtained from study subjects. The cells, suspended in 100ul of medium
supplemented with 5% fetal calf serum and 50 pg/ml gentamicin, were added
to duplicate antibody-coated wells and cultured overnight in 5% CO» at 37°C.
The number of cells used in each well was 5 x 105 PBMC for newborns and
infants <2 months and 1- 2 x 105 PBMC for older individuals. The cells are
removed with 10 washes of PBS, followed by 10 washes of PBS with 0.05%
Tween (PBS-Tween). The wells were then exposed, for 2 hr at room
temperature, to 100 ul of the biotinylated goat anti-human IgA, IgM, or IgG
antibodies diluted appropriately in PBS-Tween supplemented with 5% FCS.
After 10 washes with PBS-Tween, the plates were exposed to horseradish-
conjugated avidin for 1 hr. After washing 10 times with PBS-Tween and 10
times with PBS, were added 100 pl/well of the enzyme substrate solution
containing 1.5 mM 3-amino-9-ethylcarbazole and 10 ul of 30% HyO3 in 30 ml of
0.1M acetate buffer (pH 5.0). The reaction was terminated after 20 min by
removal of the substrate and washing with distilled water.

The appearance of dark-red circular foci, or "spots" on the
nitrocellulose membrane indicate the areas where Ig-SC were incubated. The
characteristic spots have a homogenously stained center and slightly diffuse
periphery. The size of the different spots in the same well varied significantly,
reflecting the different quantity of Ig molecules secreted by the individual
lymphocytes. Negative control tests, with omission of either PBMC or the
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isotype-specific antibodies, consistently resulted in the absence of spots.
Moreover, previous experiments had demonstrated that spot formation by Ig-
SC can be inhibited by cycloheximidel5 and that CD3+ T cells did not generate
any spots10. These observations indicated that the production of spots in the
assay is directly related only to Ig-SC. From earlier studiesl4, the correlation
between the number of input cells and the number of SC would suggest that
each spot represents one Ig-SC of the isotype specified by the biotinylated
antibody used.

Serum IgA Measurements
Total serum IgA levels were quantitated using the ELISA techniquel6.

Analysis of Lymphocyte Subpopulations by Flow Cytometry

Mononuclear cell subpopulations were determined by two-color direct
immunofluorescence, using a whole blood staining technique with the
appropriate monoclonal antibody and flow cytometry. The following pairs of
fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-conjugated
monoclonal antibodies (Becton Dickinson and Coulter Immunology) were
used: Leucogate (CD45/CD14) to verify the gating on leukocytes; simultest
isotype control; FITC-Leu 1 (CD5) combined with PE-Leu 12 (CD19).

A single laser flow cytometer (Becton Dickinson, San Jose, CA), which
discriminates forward and right-angle light scatter, as well as two colors, was
used with a software package (Simulset BD). The gated cells were verified
with simultest Leucogate (CD45/CD14) to ascertain that a minimum of 90% of
the events within the gates were of lymphocyte origin. A minimum of
1.5x104 cells are analyzed. Relative percentages and absolute numbers of cells
in each subset were calculated using the simulset software and absolute
lymphocyte counts. Two-color flow cytometry was performed using a whole
blood procedure. Briefly, 10 ul of appropriately labeled monoclonal antibody
was pipetted to its corresponding labeled tube; 100 pul of whole blood with an
anticoagulant was added to each tube. The tubes were vortexed and then
incubated at room temperature for 15-20 min in the dark, 2 ml of the FACS
lysing solution (BD) was added to each tube. The tubes were vortexed and
incubated at room temperature for exactly 10 min in the dark. The cells were
pelleted by centrifugation at 250 g for 5 min at room temperature. The
supernatant was aspirated, and the cells were resuspended in 2 ml of cold
wash buffer solution (PBS + 2% FCS + 0.1% sodium azide). The cells were
spun down again and the pellet was resuspended in 300 pl of cold 1%
paraformaldehyde. The prepared tubes were stored at 4°C in the dark until
flow cytometric analysis was performed.

RESULTS

Establishing Normal Levels of IgA-SC in Neonates

We first established the base level of IgA-SC in the blood of 48 normal
neonates within 5 d of life. As illustrated in Fig. 1, the 97.5 percentile for the
number of IgA-SC was 8 per 106 PBMC. It is of interest to note that in the
same neonates, the 97.5 percentile for IgG-SC and IgM-SC was higher than for
IgA-SC - being 28 for Ig-SC and 44 for IgM-SC.
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Figure 1. IgA-, IgG-, and IgM-SC/106 PBMC in 48 normal term and preterm
neonates 1-5 d of age.

IgA-SC in Preterm and Term Neonates with Different Clinical Conditions

Neonates of different gestational ages with various clinical conditions
were found to have levels of IgA-SC, IgM-SC, and IgG-SC above the 97.5
percentile for normals in different combinations (Table 1). Some neonates
showed increased numbers of IgA-SC alone, or in combination with IgM-SC
and/or IgG-SC; there were also others noted who had elevations of IgM-5C
and/or IgG-SC without concomitant rises of IgA-SC. Thus, of the 254
neonates with different clinical conditions, 58 (23%) had elevations in the
number of lymphocytes secreting one or more of the Ig isotypes. When any or
all of the Ig-SC were increased over normal, only 4 of the 58 (7%) neonates
showed elevations of IgA-SC alone; altogether IgA-SC were increased above
normal in 25 (43%). When elevations of any Ig-SC occurred, IgA-SCs were
elevated more often in preterm (19/34 or 56%) than in fullterm infants (6/24
or 25%). Whether IgA-SC were elevated or not, IgM-SC were almost always
increased and IgG-5SC less commonly.

More detailed observations on the 25 neonates with IgA-SC elevations
are presented in Table 2. It can be noted that the numbers of IgA-SC/106
varied from 9 to as many as 554/106 PBMC. Elevations were noted in infants
born with gestational ages as low as 25-30 wk and whose birth weights ranged
from 600 to 1570 g. In fact, the highest numbers were found in the blood from
babies below 37 wk, rather than in the full-term neonates, perhaps reflecting
differences in antigenic stimuli.

Development of IgA-SC and B Cell Subsets Over the First Two Years of Life

A subgroup of neonates with <8 IgA-SC within the first 5 d were
followed for the first mo of life. Although only small numbers of patients
were followed, after the first 2 wk of life, elevations of IgA-SCs were
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Table 2.  Elevated Peripheral Blood IgA-SC Detected at 0-5 d in Premature
and Term Neonates with Varying Clinical Conditions

Gestational age: 25-30 wks 31-37 wks. 38 wks
Weight range: 600-1570 g 830-2950 g 2290-3940 g

Number of IgA-SC/106 PBMC

Untreated maternal
syphilis (n=9)

Baby symptomatic 11,35 20, 67,229 29, 39

Baby asymptomatic --- --- 10+, 30

Other bacterial

infections2 (n=11) 13,19+, 25,26 9,10,31,33 18
33,57, 150, 554

No apparent
infection (n=>5) 15+ 9,12, 14b .-

a Includes septicemia, meningitis, pneumonia, clinical sepsis and/or
premature rupture of membranes; note that these infections are most often
acquired at or after birth, rather than in utero, such as congenital syphilis.

b Only IgA-SC elevated.

detected in the majority of the babies (Table 3). The slightly diminished IgA-
SC responses in the lower gestational age babies might be due to their greater
prematurity or to the impact of antibiotics. Antibiotics, which were given for
prolonged periods to the smaller premature babies could have decreased the
antigenic stimuli provided by the normal microbial gut flora. It should be
noted that IgA-SCs were detected earlier in babies with congenital syphilis,
and that the higher numbers of IgA-SC found in the first month of life were
in those infants with intrapartum or prenatal infections!2.

To improve the overall perspective on the development of IgA-SC
with age, the results which we have reported elsewherel0.11 on other groups
of infants, 1-48 mo of age, as well as on adults, are summarized in Table 4.
The median number of IgA1-SC and IgA2-SC/106 PBMC was found to be
higher in those infants between 1 mo and 2 yr than in adults. Not shown is
the finding that the number of IgA-SC in both these infants and adults are
usually higher than those for IgG-SC, and much higher than those for IgM-SC.

The total numbers of B cells, and those of CD5* and CD5 B cell
subsets13, are also included in Table 4 for comparative purposes. From 1-48
mo of age, the number of B lymphocytes is 2-3 x higher than that found in
adults (as are the number of total lymphocytes and of T lymphocytes).
Interestingly, CD5* B cells, which predominate at birth continue to increase in
numbers during the first 2 yr of life. The numbers of CD5" B cells, which are
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lower at birth, increase more rapidly to almost equal the number of CD5* B
cells over the first 2 yr. Thereafter, the numbers of CD5* cells decrease and of
CD5- B lymphocytes increasel3, so that by adulthood, the numbers of CD5- B
cells are 3 or more times greater than the numbers of CD5+ B lymphocytes.

Table 3. Changes in IgA-SC Over Time in Neonates of Different Gestational
Ages with no Elevation of Ig-SC at Birth

Numbers of neonates with elevations of IgA-SC/total
number tested at each age group (% of total)

Gestational age 0-5d 6-14d 15-21d 22-31d
25-30 wk 0/15 5/11(45%) 5/11(45%)  4/8(50%)
>31wk 0/64 6/12(50%) 3/4 (75%)  2/2(100%)

Table 4. Development of IgAl- and IgA2-SC, B Lymphocytes and CD5+ and
CD5- B Cells in Neonates, Older Infants, and Adults

Ages
0-5d 1-48 mo Adults

Range Median Range Median Range Median

number /106PMBC (n=19) (n=48) (n=32)
IgA1-SC 0-8 0 428-2350 505 39-1199 243
IgA2-SC 0-8 0 16-450 121 28-332 86
number/mm3 (n=8) (n=40) (n=7)
Total B lymphocytes 20-800 307 130-4000 1376 100-800 336
CD5* B cells 10-500 192 90-2400 746 20-200 84
CD5- B cells 10-600 140 30-1600 634 70-600 252

Comparison of IgA-SC and Serum IgA Levels

Of the 10 neonates with elevated numbers of IgA-SC, only 3 were found
to have serum levels of IgA over 2 mg/dl. A more detailed comparison of
IgA-5C and serum IgA levels in 32 infants 1-48 mo of age is presented in Fig. 2.
No significant correlation was found between the IgA-SC numbers and serum
IgA levels. Most often, the number of IgA-SC were elevated, with very low
serum levels measured in the same individual.
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Figure 2. Serum IgA vs IgA-SC in children 1-48 mo of age.

DISCUSSION

As reviewed elsewhere56 and at this symposium, the human fetus,
within 20 wk of gestation, possesses the necessary genetic and cellular
apparatus to express all Ig isotypes, including IgA1 and IgA2. Yet, with few
exceptions, primarily as a result of infection17,18, IgA has not been detectable
in serum or secretions until a wk or more after birth, even in full-term
neonates. In this report, we now provide evidence that, with the appropriate
antigenic stimulus, such as that provided by congenital syphilis, neonates as
early as 25 wk gestation have circulating IgA-SC cells often without detectable
serum IgA. The numbers of IgM-SC, and less often, of IgG-SC, were more
often found to be elevated above baseline than were those of IgA-SC. Of some
interest was the observation that when elevations in the numbers of any IgSC
occurred, the numbers of IgA-SC were more often increased in neonates
below 38 wk gestation (56%) than in fullterm infants (25%). The higher
number of IgM-SC than those for the other isotypes in apparently normal
infants corresponds to the findings of serum IgM levels in many such
neonates at birthl.2. Indeed, increased levels of serum IgM at birth have been
suggested as a means to suspect in utero infections1”7, although the presence of
rheumatoid factor has actually proven to be a better marker!8. The presence
in the serum of transplacentally-transmitted IgG has not heretofore made it
possible to measure readily neonatal IgG synthesis, until our current
application of the RELISPOT methodology to this issuel2. More specifically, in
relation to the central theme of this symposium, the often undetectable levels
of serum IgA at birth, even in newborns with intrauterine infections, has
made enumeration of circulation IgA-SC of particular relevance.
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The ability to demonstrate IgA-SC in neonates with intrauterine
infections and other putative infectious stimuli, as well as the large number
of IgA-SC found in infants 1-48 mo of life (Table 4), when serum IgA levels
are usually low (Fig. 2), suggest that the lymphocytes detectable in the blood
are primarily mucosal IgA cells in transit!9. The numbers of IgA-SC were
found to be higher in infants between 1 mo and 2 yr of age than in adults, in
whom serum IgA concentrations are much higher. Nevertheless, in both
infants and adults, the numbers of IgA-SC were often greater than those of
IgG-SC, in contrast to the relative concentrations of IgA and IgG in the serum.
These findings are consistent with the earlier calculations of Delacroix20 that
the daily production of IgA is greater than that for IgG. The comparatively
higher numbers of IgA1-SC than IgA2-SC are also consistent with the ratios
for IgAl- and IgA2-containing cells in several mucosal tissues!9. The data
presented here indicate that the ratio of IgA-SC to the number of circulating B
cells in normal infants or adults ranges between 1 in 400 to 1 in 1000. More
direct evidence that the majority of IgA-SC are indeed B lymphocytes in
transit is currently being sought.

We also need more direct evidence to determine which subset of B
lymphocytes is related to the IgA-SC detected in peripheral blood. Several
reports have noted that the major B lymphocyte subset found in the fetus and
neonates at birth are CD5*, corresponding to the Lyl subset in mouse
fetuses?-9. Of particular relevance is that the lymphocytes found in the Peyer's
patches of the human fetus are primarily of the CD5+ subset. The CD5+ B
lymphocytes in humans, or Lyl+* B cells in mice, have also been shown to
secrete autoantibodies and rheumatoid factor and have been suggested to
have a possible role in primary defense against the gut flora7-9. Although not
performed in the same infants or adults as those in whom the Ig-SC assays
were studied, the results in Table 4 support the view that CD5+ B cells may be
associated with S-IgA activity. Indeed, studies currently conducted by Peters et
al.21 indicate that many of the B cells secreting IgA in the gut are of the CD5+*
subset.

CONCLUSIONS

1. The normal pre-term or full-term neonate has <8 IgA-secreting cells
(SC) per 106 peripheral blood mononuclear cells (PBMC), in contrast to
higher number of IgM-SC (as many as 44/106 PBMC) and IgG-SC (as
many as 28/106 PBMC).

2. Neonates, as early as 25 wk gestation or 600 g at birth, are able to
respond to intrauterine stimuli, most often associated with infectious
agents, e.g. syphilis, by demonstrating elevations of IgA-SC. Such
elevations are usually associated with elevations of IgM-SC and/or IgG-
SC, although there may be no rise in IgA-SC numbers when the Ig-SC
of other isotypes, particularly IgM, are elevated.

3. Elevated numbers of IgA-SC are found in the peripheral blood of the

majority of infants by 1 mo of age, with higher numbers being
demonstrated in most infants 1 mo to 2 yr of age than in normal adults,
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perhaps reflecting exposure to a larger number of new antigenic stimuli
during infancy than adulthood.

Indirect evidence suggests that the circulating IgA-SC detected during
the neonatal period (occurring most often as a result of infections, or
during the first 2 yr of life in normal infants) resulting from various
endogenous and microbial antigenic stimuli, represent mucosal B
lymphocytes in transit. The increase in both CD5* and CD5- B
lymphocytes observed during the first 2 yr of life also suggests that the
IgA-SC may be related to both B cell subtypes.
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Note in Galley Proof: Zubler's group (Clin. exp. Immunol. 84:389, 1981) has
recently shown that newborn B cells are competent to differentiate into high-
rate IgM, IgG, and IgA secreting cells during a 10-day culture period in the
presence of mutant EL-4 thymoma cells and T cell supernatants. In an
editorial in the same issue (p. 373), Gordon reviewing also earlier work
arrives at the conclusion, for which the current report provides further
evidence, that neonatal B cells have the inherent potential for stimulation-
approaching that of adult B lymphocytes.
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DEVELOPMENT OF T CELLS WITH MEMORY PHENOTYPE IN INFANCY

Anthony R. Hayward and Jesse Groothuis

Department of Pediatrics
University of Colorado Health Sciences Center
Denver, CO 80262

INTRODUCTION

Studies in mice give a reasonably clear view of the genes in he
germline which are rearranged to give the of heterodimer of the T cell
receptor for antigen. The role of the thymus in modulating the germline
repertoire through positive and negative selection has been demonstrated in
transgenic micel and in the context of the mixed lymphocyte stimulatory
(MIs) antigens, which result in the deletion of entire families T cells using
certain B chain families for their V regions2. Comparable T cell selection
events are likely to occur during the production of thymus cells in human
infants. It is T cell maturation in he thymus which provides the fetus and
newborn with a clonally diverse population of naive T cells which is available
for a response to an environmental antigen. T cell responses to antigen are
characterized by proliferation (synonymous with clonal expansion) and the
production of memory T cells. The recognition that human T cells express
different isoforms of the T200 common leukocyte antigen (CD45) depending
on their prior proliferative responses has made the process by which the
naive T cell pool is educated by antigen open to examination3.

Differential RNA splicing of CD45 gives a total of 5 isoforms, depending
on which exons are spliced outs. The two largest forms have molecular
masses of 220 and 205 kDa and are bound by CD45RA antibodies such as 2H45.
The smallest version of CD45, CD45R0, has all 3 exons spliced out, a molecular
mass of 180 kDa and is bound by the UCHL1 antibody®.

T cells in the thymus with precursor function express CD45RA7 and
this is the phenotype of over 90% of the T cells of healthy newborns8.
Mitogen-stimulated CD45RA T cells start to express CD45R0 after 2-3 days of
culture and by 6 days most have ceased to express CD45RAY. The studies
reported here were undertaken to determine whether the rate at which T
lymphocytes with the memory cell phenotype (CD45RO) normally appeared
in blood, and whether this would be influenced by environment.
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RESULTS

Development of CD45ROR T Cells in Healthy Infants
The percentage of memory T cells in healthy infants increases

logarithmically during the first years of lifel0, to plateau somewhat after
puberty (Fig. 1). The percentage of CD8 cells with the CR45RO isoform is 10-
20% lower than the CD4 subset, but the slope is essentially the same for both
subsets and for T cells using of or 15 receptors (data not shown).
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Figure 1. The percentage of T cells expressing CD45RO plotted against age for
healthy controls. Ficoll-separated mononuclear were stained with
FITC-CD3 and PE-UCHLI1 and analyzed on an EPICS C to determine
the percentage of double-positive cells.

To explore the effect of neonatal antigen stimulus on the appearance of
CDA45RO*T cells we performed phenotypic analysis of blood from a series of
infants who received blood transfusions!l. The results (Fig. 2) indicate that
higher frequencies of CD45RO* cells are found in this population, and that
this increase occurs amongst T cells expressing CD4 or CD8 and using either of
2 VB families, VB5 or VB8 (data not shown). Overall these results argue for a

diverse T cell response to the immune stimulus of an allogeneic blood
transfusion.

T Cell Activation at a Single Cell Level

The relatively slow accumulation of CD45RO* cells in the blood of
healthy infants might reflect the dynamics of T cell output from the thymus,
the development of peripheral lymphoid tissues and the response to antigen
or it might be an indicator that naive T cells are relatively unresponsive to
triggering. Evidence to support the latter view comes from Byrne et 4l.12 and
Sanders et al.13 reports of a reduced response by naive T cells to CD3-mediated
triggering. While these data are clearly reproducible (Table 1) they are difficult
to reconcile with the ability of human newborns to respond well to certain
immunizations, such as BCG or vaccinia.
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Figure 2. Mean and range of % of blood T cells expressing CD45RO for infants
1-14 weeks of age, control or transfused, and healthy adults.

Table 1. CD45RO+ and CD45RA+ Cells Respond Equally to
Staphylococcal Enterotoxin B when Antigen-
Presenting Cells are not Limiting

Stimulusa: 0 CD2b CD3 SEB

Cells cultured:
Unseparated  225+30  3747+120 64776+2320 22779+3310

CD45RA* 277433 114084223 19944188 24637+2900
CD45RO* 360+46  3727+88 14337+2080  23445+2870

aresults are expressed as thymidine uptake by 5 x 104 cells/well
after 4 day culture

b CD2 was T117 and T113 at a 1:200 dilution, CD3 is UCHT1 at 1
png/ml and SEB at 1 ug/ml

CD3 triggers an equivalent Ca2* flux by naive and mature T cells (Table
2) and the lack of proliferation is less apparent when other T cell ligands, such
as Staphylococcal enterotoxins, are used (Table 1). A speculative
interpretation is that the naive T cell proliferative response has a greater
requirement for co-stimulator factors (such as IL-1 and IL-6) that the response
of the CD45RO* subset. A recent report from Koulova et al.14 identified a
specifically unresponsive subset of the CD45RA* cells.

A subset of human T cells proliferates in tissue culture in response to
IL2 alone. The frequency of IL-2 responsive cells is greater in the CD45RO+
than the CD45RA* subset!5 but these data raise the possibility that some T
cells may switch their CD45 phenotype as a consequence of by-stander
activation, rather than from specific antigen triggering.
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Infections, Immunization, and T Cell Responses During the First Year of Life
Effective antibody- and cell-mediated immune responses to
immunizations given in the first weeks of life provide the strongest evidence
for the immunological responsiveness of the newborn16.17. However, when
the immune stimulus is in the form of a cytolytic virus the outcome can be
different. Newborns with congenital rubella continue to excrete the virus for
years and are slow to make immune responses to it18. Infants who have
neonatal herpes simplex virus infections often develop cutaneous recurrences
of the virus and the frequency of peripheral blood CD4+ T cells, which

Table 2. Percent of Cells Showing Ca2* Flux Following CD3

Activation?
Subset Percent of cells responding at time:
tested 0 20 40 60 80

Adult CD45RA+ 4+1 18+4 47+5 5045 48+3
CD45RO+ 7+2 17+4 48+8 52+8 50+6
Newborn CD45RA+ 3+1 1943 44+6 51+4 4846
CD45RO+ 444 15+2 3748 49+5 4546

a cells were loaded with Fluo 3 (Molecular Probes, Eugene OR),
triggered with CD3 antibody and analyzed at 0.5-1 x 103 cells per
sec. The time units shown are sec. Results are the mean + 1 SE
for 3 samples of each subset, which was identified as CD45RO".

proliferate in cultures stimulated by viral antigens remains low for months or
years19. The reasons why T cell responses to rubella and herpes simplex virus
fail to mature following neonatal infection are poorly understood. Perhaps
viral antigen centers the thymus and interferes with the production of T cells
with specificity for these viruses. The effect is clearly antigen specific in that
normal immune responses are made to other antigens.20.

Prematurity is a common problem and the studies of Bernbam et al.21
and Koblin et al.22 suggest that ex-premature infants may be slower than age-
matched controls in initiating a response to diphtheria pertussis-tetanus
toxoid immunization. We recently measured the antibody and T cell
response of a group of prematures and controls to influenza virus
immunization. The results for the IgG response to A/Taiwan strain of
influenza virus, summarized in Fig. 3, suggest that the slow response of ex-
prematures persists into the first year of life. Only 38% of the ex-premies
achieved detectable frequencies of influenza virus-specific T cells in their
blood, compared with 79% of the controls.
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Figure 3. Serum IgG antibody to A/Taiwan before and after primary
immunization. A ex-premies with bronchopulmonary dysplasia;

A healthy controls.

CONCLUSIONS

The switch from CD45RA* to CD45RO* phenotype appears to reflect an
age-related accumulation of memory cells in the circulation. The phenotypic
changes are associated with functional changes such as an increased
proliferative response to IL-2 and an increased production of interferon-y.
Studies to date have necessarily focussed on positive (and so measurable)
responses. Experiments in mice are starting to show that inactivation is an
alternative outcome for the interaction of antigen with T cells, and that T cells
which have become anergic to stimulation may persist in the circulation23.24,
Whether similar events can occur in humans remains to be seen.
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INTRODUCTION

Malnutrition is a well known cause of secondary immunodeficiency!.
Many immunologic abnormalities have been found in infants following
intrauterine malnutrition? which may persist for months or years, leading to
higher morbidity and mortality2-3. As far as we know, there are few reports in
the literature describing the effect of early-protein post-natal malnutrition on
the immune response. Post-natal malnutrition is more frequently
encountered now with the survival of very low-birth weight (LBW) neonates
and an extensive research has been directed towards their nutritional
requirements. Fortification of human milk with proteins has been suggested
during the last years in feeding LBW infants45.

The aim of our study was to investigate and compare the effects of
banked human milk, protein-fortified banked human milk, and a protein-
fortified banked commercial formula for LBW infants on the development of
certain immunologic factors in the newborn infant.

MATERIALS AND METHODS

Infants and Feeding
Forty-two LBW infants were studied whose birth-weights and post-

natal ages at the beginning of the study are shown in Table 1. Eleven of them
received human milk from the milk bank of our unit. This was early-
lactation milk which was pasteurized at 52°C for 30 min and subsequently
stored at -20°C. Twelve infants received banked human milk supplemented
with a human milk fortifier (Eoprotin - 06) kindly offered by Milupa-
Germany. The composition of Eoprotin - 06 is shown in Table 2. The protein
consists of a mixture of purified bovine milk protein fractions. Three grams
of this fortifier were added per 100 ml of human milk. The remaining 9
infants received a commercial formula (Prematyl) prepared for LBW babies.
The main constituents in the three types of milk used are shown in Table 3.
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Table 1. Clinical Characteristics and Types of Feeding of LBW

Infants
Birth Post-natal age in days

No. of weight(g) of oral feeding alone
Type of feeding  infants (means+SD) (means+SD)
Fortified banked 12 1413+460 21+15,7
human milk
Unfortified banked 11 13774307 21,2+17,3
human milk
Formula 9 1520+220 13,1+6,8

Table 2. Composition of Human Milk Fortifier Eoprotin-06

(3.0g)

Protein : 0,6g
Carbohydrate 1 21g
Energy : 11 Kcal
Na : 23mg
Cl : 12mg
Mg T2mg
Ca : 39mg
P ! 28mg
Ca:P (weight ratio) : 1.4
Vitamin A : 30pg
Vitamin C : 20pg
Vitamin E : 200 ug
Vitamin K1 : 02ug

The infants received mainly total parenteral nutrition during the first
days of their life; however, partial oral feeding was usually commenced
within the first post-natal week. The study started on the day that the infants
could tolerate and were covered with oral feedings alone. The mean + SD
post-natal age in days at which the study started in the 3 groups of infants is
shown in Table 1. The study lasted for 3 weeks and none of the infants had
any medical problems during that time.
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Table 3. Composition of Unfortified, Fortified Human Milk,
and Formula

Unfortified Fortified
human milk human milk Formula

(HM) (FHM) (F)
Protein g/dl 2,1 2,68 2
Carbohydrate g/dl 7,7 9,7 7,7
Lipid g/dl 2,5-3 2,5-3 35
Camg/dl 19,6 41,4 70
Pmg/dl 10,4 27,5 35
Kcal/dl 60-62 72-74 70

Growth and Laboratory Investigations

For the determination of optimal nutrition and its effect on
immunologic factors the weight gain, head circumference, length and mid-
arm circumference of the infants were determined on the 1st and 21st days of
the study.

As immunologic factors, the immunoglobulins IgG and IgM as well as
the third component of complement (C3) were determined. For the
determination of the immunologic parameters, the solid phase of the
enzyme-linked immunoassay (ELISA) was used6. We applied a 2 stage
sandwich technique. We used rabbit anti-human IgG, IgM, and C3 antibodies
(DAKO, Denmark). Conjugation was accomplished with the enzyme
horseradish peroxidase (Sigma, St. Louis, MO, USA) by the periodate method.
The sensitivities of the assays were 3 ng/ml for IgG and IgM and 1 ng/ml for
c3.

As the values of the immune factors were not distributed normally,
statistical analyses were performed after logarithmic transformation of the
data. Comparisons were made using the Student's t-test and the paired t-test.

RESULTS

Growth

The weight gain during the 3 week study period in the 3 groups of
babies is shown in Fig. 1. The infants who received fortified human milk
(FHM) gained 652 + 142 g, the ones with unfortified gained 501 + 250 g, and
those who received formula 572 + 119 g. The difference in weight gain
between those receiving fortified human milk and those receiving unfortified
human milk (HM) was statistically significant (p <0.05). However, it should
be taken into consideration that the quantity of milk received differed in the 3
groups of babies. Thus, the infants with the FHM received in total during the
study period 5.588 + 1349 Kcal, the infants in the HM received 4.360 + 1068
Kcal, and the infants fed with formula received 4.270 + 114 Kcal. The weight
gain/1000 Kcal did not differ statistically in the 3 groups of infants.
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Figure 1. Weight gain (M+SD) in infants receiving the three kinds of milk.
FHM, fortified human milk; HM, human milk; and F, formula.

There were no statistically significant differences in the growth of head
circumference in the 3 groups of infants.

Regarding the length, infants who received FHM showed a better gain
when compared to those who received HM (p <0.057). No significant
differences were found between the gain in length in formula fed infants
when compared with the gain in the other two groups.

Mid-upper arm circumference values being similar on day 1 in the 3
groups of infants were significantly higher on day 21 in the babies fed FHM
when compared to those fed HM (p <0.02). In the formula-fed infants, mid-
upper arm circumference values did not differ when compared with those of
the two other groups on the 21st day of the study.

Serum Immunoglobulins

The serum means and ranges of the IgG immunoglobulins in the 3
groups of babies are plotted in Fig. 2 while the means + SD are shown in Table
4. On the first day of the study, the values were similar between infants fed
FHM and HM. The IgG values of the infants who received formula were
significantly higher than those of infants fed HM (p <0.01).

On the 21st day of the study, the IgG values in babies who received
FHM were significantly higher than those of infants who received HM (p
<0.01). The values of the infants who received formula were similar to those
of infants with FHM and significantly higher than those of infants who
received HM. However, as the values of infants fed with formula were

significantly higher on day 1 than those of infants fed HM, the comparison is
not valid.
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Figure 2. Serum levels of IgG (means and ranges) in low birth weight infants
fed: fortified human milk (FHM), unfortified human milk (HM),

or formula (F).

Table 4. Serum IgG Levels (mg/dl) in the 3 Groups of Infants

(means+SD)
Day 1 Day 21
FHM 381+172 379+157
HM 305+173 234+146
Formula 549+186 417+196

The paired t-test within each group of infants did not show any
statistically significant differences. However, the trend of the IgG values to
remain steady in the groups of infants who received FHM and to fall in the
other 2 groups of babies is obvious (Fig. 2).

The serum means and ranges of the IgM immunoglobulins in the 3
groups of babies are plotted in Fig. 3 while the means + SD are shown in Table
5. The IgM values in both groups of babies, those who received FHM and
those who received HM, tend to rise and they are similar both on the 1st and
21st day of the study. The values of the formula-fed infants are higher both
for days 1 and 21 when compared to those in infants fed with FHM or HM.
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The serum means and ranges of the C3 levels in the 3 groups of infants
are plotted in Fig. 4 and the means + S.D. are shown in Table 6. There are not
statistically significant differences between the values on days 1 and 21 in the 3
groups of infants studied. However, there is a very obvious trend of the
levels of C3 to rise in infants who received FHM and to drop in those who
received HM, or formula.

Table 5. Serum IgM Levels (mg/dl) in the 3 Groups of Infants

(means+SD)
Day 1 Day 21
FHM 21+13 26+18
HM 22+7 29+16
Formula 40+26 47424
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Figure 3. Serum levels of IgM (means and ranges) in LBW infants fed:
fortified human milk (FHM), unfortified human milk (HM), or
formula (F).
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Table 6. C3 Levels (mg/dl) in the 3 Groups of Infants

(means+SD)
Day1 Day 21
FHM 70+32 77+26
HM 111+73 79+26
Formula 79+27 70+22
Fortified Human milk Unfortified Human milk Formula
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Figure 4. Serum levels of C3 (means and ranges) in LBW infants fed:

fortified human milk (FHM), unfortified human milk (HM), or
formula (F).
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DISCUSSION

As we have seen, growth was much better in infants who received
FHM than in those who received HM. Other investigators had similar
findings and, furthermore, they showed that the weight gain composition in
babies fed FHM was similar to that obtained by the fetus?. The infants fed
FHM had a better weight gain than those on formula, as they tolerated larger
quantities of milk. There is no doubt that LBW infants on FHM had the best
nutrition and received optimal quantities of protein.

We found that IgG levels on day 21 were significantly higher in infants
fed FHM when compared to those found in infants fed HM. The higher IgG
levels found on day 1 in formula-fed infants could be attributed to the higher
birth weight of these infants. Thus, values on the 21st day of formula-fed
infants could not be compared with values of babies fed FHM or HM.

Studying full-term infants, Stephens et al.8 found no differences
between those receiving human milk and cow's milk. They do not mention
the protein content of each type of milk. However, it is well known that full-
term infants have higher levels of IgG at birth and a much better ability to
produce it.

Studying premature infants 31-32/52 of gestation between 1 week and 4
months after birth, Savilahti et al.9 found significantly higher IgG levels in
the infants receiving human milk when compared to those receiving cow's
milk. The difference in protein intake in the two diets was small. They
suggested that LBW infants may absorb IgG from human milk. However, our
findings do not support this proposal because infants in both groups fed FHM
and HM in our study should have similar IgG levels.

Zoppi et al.10 performed an interesting study: they applied two
different diets to full-term neonates both supplying 100 K cal/g, but one
contained 2 g and the other 4 g of cow milk protein. The infants who received
the low protein diet had significantly lower IgG levels and increased
morbidity.

We believe that both optimal protein intake and immunostimulating
factors in FHM, like growth factors and lymphokines, may contribute to the
faster production of IgG by the LBW neonate. It has been shown that very
immature infants already in the first week after birth can produce IgG1, and
IgG31! immunoglobulins.

No differences were found in the IgM serum levels in the 3 groups of
babies during the study period, although values were, from the beginning of
the study, higher in the formula-fed group of infants. Stephens et al.8 found
significantly higher levels of IgM antibodies to E. coli "O" antigens in bottle-
fed compared to breast-fed infants.

The complement levels rose in the infants who received FH.M. and
fell in those who received HM, or formula. Zoppi et al.10 reported low
complement levels in infants who were receiving low protein diets.

From our findings, it appears that FHM elicits the best immunologic
responses and it should be given to the vulnerable LBW infants during the
critical first days of their life.
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INTRODUCTION

The theory of mucosal immunology is now well advanced and
supported by experimental data. It is clear that mucosal immune responses
can be manipulated and that individuals who can be defined as having a
deficit in mucosal immune competence appear to be prone to chronic
conditions such as recurrent infection, atopy and clinical asthma.

A deficiency in secretory IgA (S-IgA) at mucosal surfaces may facilitate
the entry of allergens and pathogens through the gastrointestinal or
respiratory mucosa. Mucosal S-IgA deficiency occurs in the neonatal period
and the length of deficiency varies.2. The incidence of allergic disease is
much higher in IgA-deficient individuals3 and in retrospective studies of
children with atopy??> or asthma®7 the salivary IgA levels have been reported
to be lower than in control subjects. Transient serum IgA deficiency was
reported to be associated with the development of infantile atopy8 and a
prospective study of children with a family history of atopy demonstrated
significantly lower levels of salivary IgA in children at 4 and 8 months who
subsequently developed atopy?. The data on whether respiratory infections in
the first year of life predisposed to the development of asthma or atopy is
conflicting. Several studies have reported a significant association between
respiratory viral infection and the subsequent development of asthma or
atopyl0-13 while other studies failed to show a difference with control
groups!4/15,

Over the past decade we have conducted studies to assess the ontogeny
of the mucosal immune system. In a longitudinal programme, 263 healthy
full term children were studied from birth to 5 years of age. The mucosal
immune status of the children was assessed using saliva collection at regular
intervals. Two cross-sectional studies have also been conducted: a study of
normal school children aged 5 to 13 years; and a study of Papua New Guinea
highland children aged from birth to 5 years. Patterns of mucosal immune
ontogeny have been established, factors which affect the ontogeny pattern
investigated and markers of mucosal immunocompetence identified.
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THE ONTOGENY OF THE MUCOSAL IgA RESPONSE

Salivary IgA was not detected at birth and in the first week of life was
present in only 14% of samples. Salivary IgA levels increased rapidly from
the first week of life to peak at 6 weeks of age (median = 19 mg/l; 95%
confidence interval (CI), [1.0, 87.6] mg/1). The concentration decreased to
lower levels at 12 weeks (median = 13.5 mg/l; 95% CI, [2.7, 51.0] mg/1) and
several infants (2-6% of cohort) had consistently low levels and transient
absences of salivary IgA during the first 4 years of life (unpublished
observations).

Up to 4 years of age the geometric mean of total salivary IgA remained
below 20 mg/1. At 5 years of age the concentration of salivary IgA significantly
increased (p<0.05; mean = 27.0 mg/l; 95% CI [20.2, 36.3] mg/115. In an
independent cross-sectional studyl5 of school aged children the mean salivary
IgA level was 100.7 mg/1 (95% CI, [81.5, 124.4] mg/]) at 5 years of age. The IgA
levels in the school children decreased between 5 years and 7 years (mean =
49.3 mg/l; 95% CI [38.0, 64.0] mg/l). The IgA levels remained relatively
constant after 7 years of age and were similar to the levels observed in adults
(mean = 53.2 mg/1; 95% CI [38.9, 72.8] mg/1).

IgA antibody specific against Escherichia coli O antigen was measured to
assess the pattern of development of specific immunity in the mucosal system
to a common antigenl5. E. coli has been shown to be an almost universal
inhabitant of the intestinal tract of man and to colonize the gut soon after
birth. Low levels of IgA antibodies were detected during the first 4 years of
life. The levels increased 2-3 fold when children attended school (mean = 2.00
ELISA Units [EU/ml]; 95% CI [1.31, 3.03] EU/ml) and remained relatively
constant to 8 years of age after which the levels increased towards adult levels
(mean = 8.20 EU/ml; 95% CIJ, [5.33, 12.63] EU/ml).

FACTORS WHICH AFFECT THE PATTERN OF IgA ONTOGENY

Our studies have identified 5 factors which modify the pattern of IgA
ontogeny, namely: the mucosal IgM response, mucosal permeability, feeding,
environmental exposure and nutritional status.

The Mucosal IgM Response

The ontogeny pattern for total IgM was similar to that described for
IgA2. IgM was absent in saliva at birth. It was detected in 15-20% of infants
between 4 and 26 weeks of age and was observed in approximately 10% of
children older than 26 weeks. The presence of IgM was significantly associated
with IgA. The level of salivary IgA was significantly higher in infants with
positive IgM measurements than for those with no IgM detected at almost all
ages studied up to 4 years. This suggests that the appearance of both IgA and
IgM in mucosal secretions is stimulated by exposure to "novel" antigens or to
polyclonal mitogens and that in neonates mucosal IgA deficiency is not
compensated for by IgM antibodies as is the case in congenital IgA deficiency
in adults and children. The strong association between salivary IgA and IgM

levels also supports the concept of local plasma cell secretion rather than
serum transudation.
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Mucosal Permeability

The presence and level of IgG and albumin in salivary secretions were
considered markers of mucosal permeabilityl.2. IgG was detected in 75% of
neonates studied on the first day of life. This declined to 10% by the end of the
first week and to 2% by 26 weeks of age. However, after 1 year of age IgG was
routinely detected in the saliva of 30% of children studied. The concentration
of IgG in saliva at birth was high (90th percentile = 54.1 mg/1) and decreased
rapidly to predominantly non-detectable levels by 16 weeks of age. After 34
weeks of age IgG was again detectable in saliva (90th percentile = 15.8 mg/1)
and increased to adult levels by 2 years of age (90th percentile = 28.2 mg/1).

Albumin was also detected in saliva at high concentrations near birth
(median = 29.0 mg/1; 95% CI, [9.0, 90.9] mg/1) and decreased in parallel with
IgG to lower levels at 12 weeks of age (median = 10.0 mg/1; 95% CI, [4.0, 31.4]
mg/1). The concentration showed only a slight increase with age after 26
weeks. The mean albumin levels in samples with detectable levels of IgG
were significantly higher than in samples with undetectable IgG (p> 0.025).
Spearman rank correlations were conducted. Strong correlation was observed
between IgG and albumin in the first 26 weeks of life which suggested that the
majority of IgG in saliva during this time results from serum transudation
and not from local plasma cell production. A lesser but still significant
association between IgA and albumin suggests that the changes in
permeability may be associated with episodes of immune stimuli, resulting in
the production of local IgA.

Feeding
Infants were grouped according to their feeding pattern, during the first

month of life as: totally breast-fed; totally formula-fed; and mixed-fed if fed
breast milk in conjunction with other food types. The different feeding
regimes resulted in significant differences in the pattern of ontogeny of
mucosal IgA responses, particularly in the first 4 weeks of life2. Formula-fed
children reached peak levels of salivary IgA at an earlier age (15-21 days) than
breast-fed children (62-76 days) and the peak concentrations were greater in
formula-fed children (median = 25.0 mg/1) compared with breast-fed children
(median = 22.0 mg/1). Mixed-fed infants had peak levels similar to breast-fed
infants (median 19.5 mg/1) but the peak occurred at a period between the other
feeding groups (31-47 days) possibly reflecting the influence of the initial
feeding with breast milk. The proportion of children with detectable IgM was
consistently higher in the first 12 weeks of life in formula-fed infants than the
other feeding groups. These results are consistent with an antigenic challenge
provided by formula either directly or through altered bacterial gut flora. The
IgG levels were lower in the breast-fed children compared to the other feeding
groups in the first week of life and as the levels fell at similar rates in all three
groups, remained lower for the first month of life. One explanation is that
factors in breast milk enhance membrane closure which is reflected in less IgG
transudation. The ontogeny patterns suggest an earlier stimulation of
mucosal immune system in formula-fed children concurrent with a slower
maturation of the mucosal membrane. This may condition altered antigen
absorption at a critical stage of immune development and predispose to any of
several clinical problems such as gut and respiratory infections or the
development of an atopic state.
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Nutritional Status

In a cross-sectioned study of children aged from birth to 5 years in
Goroka, Papua New Guinea the affect of nutritional status on ontogeny of the
mucosal IgA response was examined (unpublished observations). Generally
children <80% weight for age had a lower total IgA and specific IgA antibody
response to E. coli and non-typable Haemophilus influenzae a common
respiratory pathogen in Papua New Guinea. Preliminary analysis of the data
indicates that the specific IgA antibody response is more adversely affected
that the total level of salivary IgA.

Environmental Exposure

IgA levels increase with age but two environmental changes have a
dramatic effect - birth and commencement of school. As has already been
described5, both events are followed by a significant increase in IgA levels
which then decline. Geographical differences have also been observed.
Children from Papua New Guinea have 2-3 times higher levels of salivary
IgA compared with age matched Australian children (unpublished results).

MARKERS OF MUCOSAL IMMUNOCOMPETENCE

A number of potential markers of a deficit in mucosal
immunocompetence have been identified; transitory IgA deficiency, the
failure to develop specific IgA-antibody responses, enhanced mucosal
permeability, the presence of IgD and the presence of monomeric IgA.

Evidence of enhanced mucosal permeability, transitory IgA deficiency
and failure to develop IgA-specific antibody responses have already been
discussed.

IgD, a marker of immaturity of the immune system, was detected in the
saliva of 48% of infants studied in the first 4 weeks of lifel6. IgD was only
occasionally detected after 26 weeks of age. The concentrations when detected
ranged from 0.1 - 10.0 mg/l. IgD was detected in a significantly higher
proportion of samples with no detectable IgA (38%) than when IgA was
detected (14%) (p<0.005). There was no correlation between IgD and either IgG
or albumin.

Monomeric IgA was detected in the saliva of 28% of infants assayed
during the first year of lifel7. There were no samples with concurrent
monomeric and dimeric IgA. Proteolytic degradation of dimeric IgA was
excluded. The molecular form of IgA in saliva samples from 6 infants studied
longitudinally indicated a conversion from monomeric to dimeric IgA after
varying periods of time. Monomeric IgA was not detected in any saliva
sample collected from infants over 1 year of age. SC and J chain were detected
in all samples.

It is anticipated that in follow up studies it will be possible to correlate
deficits of mucosal immunocompetence identified in the first years of life

with the subsequent development of atopy, asthma, and recurrent respiratory
infections.
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CONCLUSIONS

1. The ontogeny pattern of the mucosal IgA response in normal healthy
children is described and appears to reflect a polyclonal response to
environmental stimuli which is under tight regulatory control.
Patterns of IgA and IgM ontogeny are similar. The ontogeny pattern for
specific antibodies is different from the total IgA response.

2. A number of factors have been identified which modify the pattern of
IgA ontogeny, namely: an IgM response, mucosal permeability, feeding
practices, nutritional status, and environmental exposure.

3. A number of potential markers of mucosal immunocompetence have
been identified. These are: transitory IgA deficiency, presence of IgD,
presence of monomeric IgA, failure to develop specific IgA antibody
responses, and enhanced mucosal permeability.
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ARE CYTOKINES IN HUMAN MILK?

Armond S. Goldman, Helen E. Rudloff and Frank C. Schmalstieg

Division of Immunology/Allergy, Department of Pediatrics
The University of Texas Medical Branch
Galveston, Texas, USA

INTRODUCTION

Breastfeeding is known to protect the recipient infant against common
infectious diseases of the alimentary tract! and respiratory systeml. The
mechanisms of this protection have been attributed mainly to a system of
direct-acting antimicrobial agents that appear to have evolved to act at
mucosal surfaces!, and which do not provoke inflammation2. Recent
evidence suggests that the protection afforded by breastfeeding may also
involve agents that stimulate the maturation of the immune system of the
recipient. The evidence is as follows.

EPIDEMIOLOGIC STUDIES

Some epidemiologic studies suggest that breast-fed infants are at less
risk for developing certain chronic diseases that have an immunologic basis.
In a recent study the the USA3, breast-fed infants had a lower risk of
developing type I diabetes mellitus. A retrospective Canadian study revealed
that the risk for developing a chronic inflammatory disease of the small
intestine, Crohn's disease, was also less in children breast-fed in infancy4.
Finally, a survey in the USA of childhood deaths due to cancer suggests that
the likelihood of developing lymphomas is less among individuals who had
been breast-fed>.

EFFECTS OF BREASTFEEDING ON SERUM CONCENTRATIONS OF
DEFENSE FACTORS IN THE INFANT

Two investigations indicate that serum levels of certain host resistance
factors are significantly higher in breast-fed than non-breast-fed infants, and
that the differences are not explained by the amounts of those agents in
human milk. In the first study, breast-fed and non-breast-fed infants in Japan
were prospectively studied for their response to infections with respiratory
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syncytial virusé, a pneumovirus responsible for most cases of bronchiolotis in
infants. Not only was the severity of the infections less in breast-fed infants,
but serum levels of interferon-o were also substantially higher in the breast-
fed infants following the infectionb. Since levels of interferon-a in human
milk are low, it appeared that human milk feedings primed the infant to
produce more interferon-o in response to the viral infection. In the second
study, serum levels of fibronectin, a broad spectrum opsonin for the
reticuloendothelial system, were found to be significantly higher in breast-fed
infants’. Although fibronectin was present in human milk collected during
the time of lactation that corresponded to the age of the infant, the amounts of
fibronectin that were consumed during breastfeeding did not account for the
increments in the serum concentrations of fibronectin found in the breast-fed
infants. Therefore, it was concluded that breastfeeding stimulated the
production of that defense agent by the infant.

EFFECTS OF BREASTFEEDING UPON MUCOSAL DEFENSE AGENTS

Several studies report that the concentrations of defense agents in
external secretions are higher in breast-fed infantsl. Although some of the
increment may have been due to the ingestion of the immunologic factors in
human milk, evidence from two studies suggests that some of the increase
was probably due to an enhancement of the production of the factors at
mucosal sites8.9. Since lactoferrin, total IgA, and specific secretory IgA
antibodies were increased in the urine as well as in the stools of infants fed
human milk, it seems unlikely that the increase in those urinary factors was
due to the ingestion of those proteins during breastfeeding.

IN VITRO EVIDENCE THAT HUMAN MILK IS IMMUNOSTIMULATORY

Although human milk contains agents that inhibit certain
immunologic responses and thus are anti-inflammatory2, certain studies
indicate that human milk also contains immunostimulating agents. Within
the past few years, some evidence has been reported that human milk aids in
stimulating the proliferation of and immunoglobulin synthesis by LPS-
primed splenic murine B cells10. Recently, human milk lactoferrin was
reported to enhance the proliferation of peripheral blood mononuclear
leukocytes stimulated with anti-CD311. It was not entirely clear, however,
whether the activity could have been due to other milk proteins in the
lactoferrin preparation. In addition to those reports, low concentrations of
unfractionated human colostrum have been found to stimulate T cell growth
in vitroll.

One part of the evidence regarding the immunostimulating properties
of human milk was developed from a study of the motility of the leukocytes
in human milk. When human milk macrophages were tested in collagen gel
systems, their rate of random movement was much greater than that of their
counterparts in human blood, the monocytesl2. The genesis of this
enhancement was not found to be due to a systemic activation of blood
monocytes, but to stimulating agents in human milk!3. When human blood
monocytes were incubated in the fluid phase of human milk or in its whey
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protein fraction, the motility of these cells increased remarkablyl3. The
activity was abolished by trypsin, and the activities were found to reside in
three distinct molecular weight peaks (50 kDa, 25 kDa, and 15-20 kDa). Thus,
the question was raised whether there were a number of chemokinetic agents
in human milk, or whether one agent existed in multiple forms.

PRIMARY EVIDENCE FOR CYTOKINES IN HUMAN MILK

Biological Activity

In 1987, Soder et al. reported that human milk had interleukin-1 (IL-1)
activityl4. No immunochemical evidence was presented to confirm that the
biological activity was due to that interleukin. In the previously described
investigation of the nature of the chemokinetic agents for monocytes in
human milk, studies were undertaken to determine whether that biological
activity was due to IL-113. The chemokinetic activity in human milk was not
inhibited by the addition of polyclonal antibodies to recombinant human IL-1,
but it was discovered that the activity was reduced substantially by polyclonal
antibodies to a second cytokine, recombinant human tumor necrosis factor-a
(TNF-a)13. In a subsequent investigation, it was found that recombinant
human TNF-o was chemokinetic for human monocytes!®. Thus, it appeared
that the chemokinetic agents in human milk were either TNF-o, molecules
that were antigenically similar to that cytokine, or factors that induce the
production and/or release of TNF-a from the target mononuclear leukocytes.

Limited studies were performed to determine if more classical
biological activities ascribed to TNF-a were present in human milk13. In a
microcytotoxicity assay, human milk, whey proteins were found to lyse a
TNF-a-sensitive murine cell line (L-929). Furthermore, some of that
microcytotoxicity was blocked by incubating whey proteins with polyclonal
antibodies to human recombinant TNF-a.

Immunochemical measurements. Because of the foregoing biological
evidence for TNF-a in human milk, immunological studies were initiated to
determine if TNF-o was present in human milk16. Because of interfering
substances in human milk, the immunodot method was not found to be a
reliable method for detecting TNF-o in human milk. TNF-o was found in
human milk by an enzyme-linked immunosorbent assay, but since human
milk also inhibited the detection of TNF-a in this assay, the method
underestimated the quantity of TNF-o in human milk. Two commercial
radioimmunoassays for human TNF-a, which proved to be reliable, revealed
that the mean + standard deviation of TNF-a in human milk collected during
the first 2-3 days of lactation was 620 + 185 pg/ml. Based upon the total daily
secretion of milk during that period, we estimated that an infant that age
consumes about 70 ng/day of TNF-a.

CODA
Recent epidemiologic, clinical, and in vitro evidence suggests that

breastfeeding stimulates the maturation of the immunologic system in the
recipient infant and that part of the immuno-stimulation may be due to
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cytokines, such as TNF-a in human milk. There are important questions that
emanate from these findings.

1. Is TNF-o present in human milk throughout lactation?

2. What are the molecular forms of TNF-a in human milk? Recent
evidence from our laboratory suggests that the monomeric and
transmembrane (26kDa)l7 types of TNF-a are in human milk.

3. What is the spectrum of biological activities of TNF-a in human
milk? It may seem incongruous that TNF-a is present in human milk, since
TNF-o is one of the principal instigators of inflammationl18. It is possible,
however, that the phlogistic activities of TNF-a in human milk are not
expressed because of the particular molecular forms of the cytokine (for
example the transmembrane form) or the manner in which they are packaged
in human milk. Non-inflammatory functions of TNF-o in human milk such
as the ability to upregulate the expression of secretory component on
epithelial cells or of class I and II major histocompatibility molecules on
macrophages or to enhance the maturation of monocytes or T lymphocytes
may be spared. In that regard, T lymphocytes as well as macrophages in
human milk display phenotypic features that are in keeping with activation
(unpublished data).

4. What is the fate of ingested TNF-o from human milk? Since
TNF-a is susceptible to proteolytic enzymes, it may be argued that the cytokine
would be digested before it could exert any effects upon the recipient. That
may not, however, be the case. 1) The cytokine encounters a large mucosal
surface area of the alimentary tract before the stomach, where no proteolysis
occurs. 2) The production of pepsin, the only gastric proteolytic enzyme, is
delayed for the first week of life. 3) A considerable amount of anti-proteases
are normally found in human milk. Thus, it is likely that TNF-o from
human milk will be active in the infant.

5. Are there cytokines in human milk other than TNF-o? Because
of the known inter-relationships between TNF-o and other cytokines19-22, we
predict that other cytokines will be discovered in human milk. The
production of one of the principal candidates, IL-6, is stimulated by TNF-o and
that interleukin in turn modulates the production of TNF-a by stimulated
monocytes. Our preliminary, unpublished immunochemical studies suggest
that IL-6 is in human milk. Further work will be required to develop that
evidence and to search for other cytokines in human milk.

Finally, once the molecular biology of the cytokine system in human
milk is better understood, studies of in vivo effects of those cytokines upon
the recipient infant should be begun.
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THE DEVELOPING GASTROINTESTINAL TRACT AND MILK-BORNE
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INTRODUCTION

In adult mammals, epidermal growth factor (EGF) is produced mainly
in the submandibular and Brunner's glands!-3. The production of EGF in
suckling mammals is considered to be very low. Popliker et al.4 reported
absence of EGF mRNA in suckling mice; others described only very small
amounts of EGF to be present in submandibular glands of suckling
rodents1,5-7. EGF is known to play an important regulatory role in the
mammals; many studies suggest that EGF is a trophic factor for various
regions of the developing gastrointestinal tract8-17 and liver18,19,

The presence of considerable amounts of EGF in milk of various species
led to speculation that milk may be a major source of EGF for the suckling
mammal20. Several years ago, we demonstrated that 125]-labeled mouse EGF
(mEGF) administered orogastrically to suckling rats "survives" in the
gastrointestinal lumen and is delivered to peripheral organs in an
immunoreactive and receptor-binding form?21l. In this presentation, we shall
discuss our recent studies further characterizing the precessing of EGF in the
gastrointestinal tract of suckling rat and of the human neonate.

STUDIES IN SUCKLING RATS

Difference in Absorption and Processing of 125-1 mEGF in Jejunum and Ileum

of Suckling Rats
These studies were designed to test the hypothesis that handling of EGF

is different in the jejunum than in the ileum of suckling rats. Rao et al.22
demonstrated (Fig. 1) a high capacity of the small intestine to absorb 125I-
mEGF (doses between 10 and 1000ng/rat); absorption rate from ileum was
about 3 times higher than that from the jejunum. Similarly, a higher
absorption of 125I-rat EGF from the ileum than from the jejunum was
demonstrated23. It is noteworthy, that immunoreactive 125I-mEGF appeared
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Figure 1. Dose-dependent absorption of 125I-mouse EGF from isolated
jejunum (open squares) and ileum (full squares) of suckling rats.
Horizontal axis: ng/rat of mEGF administered in the isolated loop.
Vertical axis: ir 125I-mEGF per organ (units of EGF: segmental
wall: ng; other organs: pg). N/group = 2-11. * = significantly
different from corresponding values in the jejunum. Data taken
from reference no. 22.

in lung in higher amounts, when administered into the ileum than into the
jejunum?22,

Reverse phrase-HPLC analysis of extracts of jejunal and ileal luminal
contents and walls showed conversion of stock 125I-mEGF into several peaks
with no change in immunoreactivity, but differing in receptor binding
capability (unknown peak 40% binding as compared to stock mEGF; 125I-des49-
53 mEGF, 43%; 1251-des48-53 mEGF, 14%; intact 1251 mEGF, 96% and 125I-des53
mEGF, 157%). Whereas in the lumen of jejunum all fragments - except 125I-
des49-53 mEGF - were detected, in the lumen of ileum and wall of both
jejunum and ileum only 1251-des49-53 mEGF was found?22.

Studies Using Determination of Non-Labeled ("Cold") Authentic Rat EGF

In previous experiments we used 125I-mEGF; however, to measure the
native rat EGF we developed a species-specific radioimmunoassay (RIA)24. In
the first studies, we determined the immunoreactive E6F (ir E6F) EGF levels
in the intestinal mucosa of suckling and adult rats, fed and fasted for 18 hours.
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Figure 2. ir rat EGF content in the mucosa of small intestine of suckling and
adult rat; effect of age and fasting. Vertical axis: pg of irEGF per mg
of protein, horizontal axis: pg of EGF per mg of tissue protein;
mean + SEM. N/group: sucklings 7, adults 6. Jejunoileum was
divided into three equally long segments. *Statistically significant
(ANOVA followed by Fisher PLSD test) from corresponding values
of adults. Data taken from reference no. 28. Su = suckling, AD =
adult.

Data summarized in Fig. 2 led to three major conclusions: 1) EGF
content in the fed suckling rats exceeds that of fed adult rats; 2) Due to the
considerable jejunoileal gradient present only in suckling rats
(ileum/jejunum = about 7), the values in the distal segment exceed in
suckling rats those determined in adult rats approximately 15 times. Ileum
has a special role in EGF absorption as shown by morphological techniques2>;
furthermore, studies from our laboratory show higher absorption of EGF from
ileum than jejunum (see above?2.23); and 3) Whereas in adults fasting led to
no decrease of EGF content, in sucklings the decrease was considerable (the
fasting values were, in the various segments, about 25%, 13%, and 2%,
respectively, of the corresponding values in fed animals).

It is noteworthy that extended fasting in adult rats (48 hours) led to an
increase of EGF concentration in their intestinal mucosa (data not shown).
Since these experiments strongly suggested the dependency of the EGF content
in the small intestinal mucosa of suckling rats, on milk intake we compared
the EGF in rat milk with that present in the gastrointestinal tract of suckling
rats. Determined by species-specific RIA, milk of rats lactating for 10-14 days
contained EGF equivalents 35.4 + 14.6 ng/ml (mean + SEM, N=7). For further
analysis, fresh rat milk was extracted using antibodies to submandibular rat
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EGF (sm-r-EGF) covalently linked to polyacrylamide beads. Three distinct
immunoreactive forms of EGF (forms A,B,C) were detected (Fig. 3); these
competed with 125I-r-EGF for binding to the EGF receptor (human forskin
fibroblast HFF10) and stimulated DNA synthesis in growth arrested
fibroblasts. Two of the forms (A,B) were converted by tryptic digestion to sm-
r-EGF species (form C) as verified by RIA and migration rates in a
nondenaturing polyacrylamide gel. Digestion of form C by carboxypeptidase B
led to an appearance of form D (des-arginyl EGF) (Fig. 4); this form exhibited
also EGF receptor binding and stimulated DNA synthesis in growth-arrested
fibroblasts. In the stomach luminal content of fed suckling rats (taken directly
from the mother) only the larger form (B) was found (Fig. 4). The luminal
content and mucosa of the small intestine contained in all segments only the
form D comigrating with des-arginyl EGF (Fig. 3).

- (+)
) E +

Figure 3. Polyacrylamide gel electrophoresis of milk extracts before (native)
and after enzymatic degradation. Vertical axis: percent of the total
immunoreactive material recovered from the gel per slice.
Horizontal axis: # of slice. Direction of migration is from left to
right. Heavy line = milk (#1), thin line = milk digested with trypsin
(#2), dotted line = #2 digested with carboxypeptidase B. A and B:
migration rates of larger forms. C: migration rate of sm-r-EGF (SG-
E) D: migration rate of des-arginyl EGF (dE) E: location of the dye
front. Data from from reference no. 31.

D a s c ) e @

Figure 4. Polyacrylamide gel electrophoresis of extracts of luminal content of
stomach (heavy line), midjujunal luminal content (thin line) and
midjujunal mucosa (dotted line). Similar results as with the
midjejunum were obtained with preparations of jujunum and
ileum. Same arrangements as in Fig. 3. Data taken from reference
no. 32.

102



Littermates of these suckling rats were fasted for 8 hours and then re-
fed by allowing them to suckle an other (foster) rat mother (deprived of
sucklings for 4 hr) for periods between 60 and 240 min (since similar results
were obtained, these values were combined). Two other groups of 8 hr fasting
suckling rats were fed with 0.5 ml of freshly collected rat milk or 0.5ml of rat
milk substitute (RMS, see reference 16). Results of quantitative
determinations of EGF by RIA are summarized in Fig. 5; 8-hr fasting led to a
considerable decrease of EGF content in the entire gastrointestinal tract. Re-
feeding by "re-suckling" the mother increased the EGF content to control
values (rats were kept with the mother). Whereas short term re-feeding (45
min with 0.5ml fresh rat milk) increased the EGF content in the lumen of the
entire gastrointestinal tract, only the mucosa of the proximal jejunum
exhibited an increase (data not shown). Feeding RMS was without effect; this
finding is in agreement with our previous results showing very low levels of
irEGF in the small intestinal lumen and mucosa of suckling rats fed 3 days by
RMS26,

Suckling
Fasted
Resuckled
Refed RMS
Refed Rat milk

Luminal content Mucosal content

Figure 5. ir RAT-EGF content of the gastrointestinal tract of suckling (12-day-
old) rats. Vertical axis: ng irEGF/per stomach and small intestine.
Mean values are given, (N/group = 4 to 7). *Denote statistically
significant differences from values of fed rats. Data taken from
reference no. 32.

In all treatment groups similar electrophoretic patterns were seen as in
control fed suckling rats; exception was the content of stomach lumen in the
8-hr fasting group. In this case, the form B represented 40% and newly
appearing authentic r-EGF (form C) and des-arginyl (form D) other 40% and
20% of the total immunoreactive material, respectively. We want to stress,
that in the intestinal luminal and mucosal content of suckling rats irEGF was
found always in the form comigrating with the des-arginyl EGF (form D).
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STUDIES IN HUMAN INFANTS

It is obvious that the extent of studies on digestion/absorption of milk-
borne EGF in the human are restricted for many reasons. We approached this
question with the following assumption. Resistance to gastrointestinal
proteolytic degradation is necessary if ingested EGF is to function within and
beyond the gastrointestinal tract. It is known, that these processes are active to
a lesser extent in sucklings than in adults?7. The "survival" of EGF in the
gastrointestinal tract of the human neonate was evaluated in experiments in
vitro.

Stomach fluid was used as the enzyme source; it was aspirated from
pre-term infants one hr after feeding pre-term formula or fortified human
milk28. This time period was chosen, because previous studies have shown
maximum gastric proteolytic activity at this time29. 125]-human recombinant
EGF was incubated at several pH (1.8, 3.2, 5.8). Minimal loss of trichloracetic
acid-precipitable activity occurred, in contrast to the substantial hydrolysis of
iodinated casein which occurred under the same conditions.
Chromatography of reaction mixtures on Sephadex G-25 showed a single
major peak of radioactivity which coeluted with stock EGF. EGEF also retained
>75% of its ability to bind to anti-EGF affinity columns and placental
membrane EGF receptors after incubation with gastric fluid. These data
together with similar results obtained with gastric fluid of suckling and
weanling rats30 suggest substantial gastric survival of ingested EGF in a
potential active form in infants.

CONCLUSIONS

1251-mEGF absorption capacity in suckling rats is very high
(ileum/jejunum = 3); higher ileum absorption 125I-mEGF capacity is
accompanied by correspondingly higher ir125I-mEGF uptake by the lung. The
content of irEGF in the gastrointestinal tract of suckling rats is influenced by
intake of milk containing EGF. Milk-borne EGF is processed in the small
intestine of suckling rats into forms with preserved biological activity. The
variation of the EGF forms found in the milk and the gastrointestinal tract
may also be influenced by differences in the rate of their intestinal absorption.
In vitro experiments using the gastric juice indicate "survival" of biologically
active EGF in the gastrointestinal tract of human neonates. Together with
studies demonstrating the effect of orogastrically administered EGF to
suckling rats and rabbits (for review see reference 20), these data strongly
support the role of milk-borne EGF for the neonate.
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GROWTH FACTOR SIGNAL TRANSDUCTION IN HUMAN INTESTINAL

CELLS
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INTRODUCTION

One of the basic biological problems in the area of developmental
gastroenterology is to understand the factors and mechanisms controlling the
intestinal epithelial cell growth and differentiation. Enterocytes are the type
of cells undergoing a rapid turnover during development and mature life.
Cells in the crypt are rapidly dividing and less differentiated, whereas cells at
the villus tip are terminally differentiated. Furthermore, there is a
differential gene expression in both crypt cells and villus cells between the
neonatal and adult intestine. Increasing evidence indicates that the control of
enterocyte proliferation and differentiation appears to be mediated not only by
endocrine or paracrine but also by autocrine mechanismsl.2. Table 1 lists
several growth factors that may potentially target at the human intestinal
cells. No matter how the production of growth factors are regulated, they
must interact with their specific cell-surface receptors. Ligand-receptor
interaction on the cell surface is then translated into activation of intracellular
signaling pathways, triggering a sequence of events that eventually leads to
cell division or differentiation.

The best characterized signal transduction by the growth factor receptor
is the one used by EGF (epidermal growth factor). Currently, two potential
signal transduction pathways are proposed for EGF3.4. One pathway is
mediated via the activation of a tyrosine-specific protein kinase activity that is
intrinsic to the receptor molecule. The other pathway is through the
activation of phospholipase C (PLC) that hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) to produce two second messenger molecules, inositol
trisphosphate (IP3) and diacylgleyerol (DG); the former stimulates calcium
mobilization from endoplasmic reticulum, while the latter activates protein
kinase C. Recently, several substrates of the EGF receptor tyrosine kinase
have been identified3.4. They include phospholipase C-y1 (PLC-y1),
phosphatidylinositol 3-kinase (PI-3 kinase), ras GTPase-activating protein
(GAP), microtubule-associated protein kinase (MAP kinase), raf kinase, c-erb
B-2, and lipocortin I (calpactin I). It is worthy of note that these target proteins
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are all either components of second messenger pathways, cytoskeleton-
associated proteins, proto-oncogene products or factors that regulate the
activity of proto-oncogene products. The best characterized substrate for the
EGF receptor kinase is PLC-y1, one of a family of PLC isozymes. Most recently,
an increased catalytic activity of PLC-yl by tyrosine phosphorylation has been
demonstrated, suggesting that the EGF-stimulated formation of IP3 and DG
may result in part from catalytic activation of PLC-y1 through the action of
receptor tyrosine kinaseS.

Table 1. Potential Growth Factors for Human Intestinal Cells

Epidermal growth factor (EGF)
Platelet-derived growth factor (PDGF)
Insulin

Insulin-like growth factor I (IGF-I)
Insulin-like growth factor II (IGF-II)
Transforming growth factor o (TGF-a)
Transforming growth factor p (TGF-B)
Interlukin-2 (IL-2)

EGF is the major growth factor in human breast milké.7. It has trophic
effects on the intestine of the developing animals8. A stimulatory effect of
EGF on DNA synthesis has also been noted in a rat small intestinal epithelial
cell line (IEC-6). However, in the organ culture of human fetal small
intestine, EGF inhibits DNA synthesis but increases lactase activity, suggesting
that EGF may play a role in promoting enterocyte differentiation in human
intestinal cells10. Membrane receptors for EGF are present in the
gastrointestinal tract of both rodent species!1,12 and humans13. However, few
studies have examined EGF signal transduction in human intestinal
epithelial cell lines. Accordingly, we have begun to investigate EGF binding
and receptor tyrosine kinase in the human intestinal epithelial cell (Caco-2).
The results show that this cell line expresses EGF receptors with high and low
affinity binding sites and the EGF stimulus is mediated via tyrosine kinase
activation.

MATERIALS AND METHODS

Cell Culture

The human colon carcinoma cell line (Caco-2) was purchased from the
American Type Culture Collection (ATCC, Rockville, MD) and routinely
maintained in DMEM supplemented with 20% fetal bovine serum (FBS) at
37°C in humidified 5% CO2/95% air atmospherel4.

Receptor Binding Assay

Caco-2 cells were plated at 4.25 x 105 cells/cm?2 on 24-well plates in
DMEM plus 20% FBS at day 0. The medium was changed to serum-free
DMEM on day 2, and EGF binding was done on day 6. EGF binding!5 was
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performed at 22°C for 3 hr in 0.1 nM [125I]-EGF in HBSS plus 0.2% BSA with
the absence or presence of increased concentrations of non-radioactive EGF.
Scatchard analysis for the binding affinity, estimated by the apparent
dissociation constant (Kz), and the receptor number or maximal binding
(Bmax) were calculated as previously described6.

Western Blot Analysis of Tyrosine Phosphoproteins

After changing to a serum-free medium overnight, subconfluent 100
mm plates of Caco-2 cells were treated with and without EGF (200 ng/ml) at
37°C for 30 min. The cells were washed with cold PBS and lysed in 0.5 ml of a
lysis buffer (20 mM Tris, pH 8.0; 137 mM NaCl; 10% glycerol; 1% NP-40)
containing 1 mM PMSF, 0.15 U/ml aprotinin, and 1 mM sodium vanadate at
4°C for 20 min. Protein was separated by SDS-PAGE under reducing
conditions on a 7.5% gel. Immunoblotting with a mouse anti-
phosphotyrosine monoclonal IgG2by antibody was performed according to
the protocol provided by the supplier (Upstate Biotechnology, Inc., Lake
Placid, NY).

RESULTS AND DISCUSSION

Scatchard analysis of [125I]-EGF binding kinetics (Table 2) indicates that
Caco-2 cells expressed a high affinity (Kz7 = 0.08 nM) and low affinity (Kz2 = 24
nM) receptor site, with the high affinity site comprising less than 3-5% of the
total receptor population (6-7 x 10% receptors/cell). The receptor number is
comparable to those reported for human fibroblasts17. The presence of two
classes of EGF binding sites on the cell surface of human fetal small intestine
and colon have been previously reported by Pothier and Menard13. Our
studies also show that human milk down-regulates EGF receptors in Caco-2
cell due to the presence of EGF in breast milk!8. This regulatory mechanism
may in part contribute to the decline of EGF receptor binding after birth as
noted in the rat small intestinell,12,

Furthermore, other studies show that EGF receptors are present in both
apical and basolateral membrane of Caco-2 cells19, similar to the Madin-Darby
canine kidney (MDCK) cells20. The presence of EGF receptors on both sides of
the polarized intestinal epithelial cells would allow EGF to target enterocytes

Table 2.  EGF Receptor Binding Kinetics in the Human
Intestinal Cell Line (Caco-2)

Binding sites Kj (nM) Bmax (receptors/cell)
High affinity 0.08 1,500
Low affinity 24.00 65,000

K4 = dissociation constant; Byzy = maximal binding
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via different routes. For example, the milk derived EGF may bind to the
microvillus membrane receptor, while other endogenous derived EGF may
bind to either the apical or basolateral receptors depending on where EGF is
produced.

To determine if EGF binding activated receptor kinase activity in Caco-
2 cells, tyrosine phosphoproteins of cell lysates were detected using a
monoclonal anti-phosphotyrosine antibody by immunoblotting. The result
(Fig. 1) shows that EGF rapidly stimulated tyrosine phosphorylation of a 170
kDa protein, known to be the EGF receptor. However, in the non-stimulated
Caco-2 cells, the 170 kDa phosphotyrosyl protein was also detectable. In
addition, there are many other detectable tyrosine phosphoproteins in Caco-2
cells even without EGF stimulus. The basal level of receptor tyrosine kinase
activity might be in part mediated via an autocrine mechanism. It is well
known that many human colon cancer cell lines?122 including Caco-2 cells23
secreted TGF-o/EGF-like molecules into the serum-free medium, and that
TGF-a binds to the EGF receptor to produce a mitogenic stimulus24.

EGF T = 4 e
Anti-P-tyr 4 + = —_

KD

170 — = 180

=116

-84

- 485

- 36.5

= 26.6

Figure 1. Immunoblotting analysis of tyrosine phosphoproteins in EGF-
stimulated and non-stimulated Caco-2 cells with a monoclonal
anti-phosphotyrosine antibody (Anti-P-tyr).

Fig. 1 also shows that EGF stimulated the tyrosine phosphorylation of a
35 kDa protein. Based on the molecular mass, this 35 kDa protein is likely
calpactin I (also known as lipocortin I). There are several lines of indirect
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evidence to support this possibility. First, the 35 kDa protein, lipocortin I, is a
good substrate for EGF receptor kinase in vitro25. Secondly, it has been
proposed that the cytoskeleton-associated protein, calpactin I, might be one of
the predominant protein tyrosine kinase substrates in rat intestine26.
Calpactin associates with membrane phospholipids in the presence of
calcium. Previously, it has been suggested that phosphorylation of the 35 kDa
calpactin might be associated with the formation of endocytic vesicles27.
However, the physiological function of this 35 kDa protein in receptor
endocytosis and/or mitogenic signaling remains to be determined.

CONCLUSIONS

This study indicates that the human intestinal epithelial cell line
(Caco-2) expresses EGF receptors with high- and low-affinity binding sites. As
in other cell types, the EGF stimulus is mediated via the activation of a
receptor tyrosine kinase, as evidenced by the autophosphorylation of a 170
kDa receptor. In addition, a 35 kDa protein, likely calpactin I, appears to be
one of predominant receptor kinase substrates in the human enterocyte.
These data suggest that Caco-2 cells can be a useful in vitro system to help
elucidate signal transduction pathways during human intestinal cell response
to growth factors.
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INTRODUCTION

It is now well established that several cytokines are involved in B cell
activation, proliferation, and differentiation. From earlier studies, it became
clear that some of these cytokines acted later in B cell responses and
contributed to terminal differentiation and immunoglobulin synthesisl. A
prominent cytokine among these was a factor originally termed B cell-
differentiation factor, which could be distinguished from B cell-stimulating
factor-1 (BSF-1), or IL-4, and was subsequently termed BSF-22,3. When BSF-2
was purified and subsequently cloned3-5, it was shown to be identical to other
cloned proteins, e.g., interferon beta (IFN-B)6, the 26kDa protein7, and
hybridoma growth factor8-10, and was renamed IL-6.

IL-6 is produced by B and T cells, macrophages, fibroblasts, endothelial
cells, and perhaps other cell types and in turn induces a large number of
biologic responses!l. This cytokine induces acute phase proteins and is
involved in various types of inflammation!l. In addition, IL-6 induces: T
cells to produce IL-2 and express IL-2 receptor, maturation into functional
cytotoxic T cells, and hemopoiesis of bone marrow stem cells (reviewed in 11,
12).

In cells of the B lineage, IL-6 is mainly involved in their terminal
differentiation. Thus, IL-6 induces mitogen-stimulated or EBV-transformed B
cells to secrete immunoglobulin3.13. Further, IL-6 can augment IgM, IgG and
IgA synthesis in human peripheral blood mononuclear cell (PBMC) and
tonsillar cell cultures stimulated with pokeweed mitogen (PWM)14. Clearly,
IL-6 is of key importance in B cell terminal differentiation, since incubation of
these PWM-stimulated cells with recombinant human IL-6 (rhIL-6) in the
presence of anti-IL-6 antibody completely blocked Ig synthesis of all isotypes!4.
Although IL-6 induces terminal B cell differentiation in various in vitro
systems, it is not yet clear whether IL-6 alone is sufficient to induce plasma cell
formation. In this review, we will provide evidence that rhIL-6 alone can
serve this function in both antigen-specific and polyclonal B cell cultures.
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IL-6 ENHANCES ANTIGEN-SPECIFIC B CELL RESPONSES

In this study, we examined whether rhIL-6 induced the terminal
differentiation of antigen (Ag)-activated human B cells15. To overcome the
problem of low precursor frequency of these cells in peripheral blood,
approved vaccines were used to induce a substantial enrichment of Ag-
activated B cells in vivo. Two types of vaccines were used in this study, the T
dependent protein diphtheria toxoid (DT) (Wyeth, Marietta, PA) and the T
independent 23 valent pneumococcal polysaccharide (PPS) (Pnu-Imune 23,
Lederle, Pearl River, NY)15,

Ag-activated B cells were generated by systemic immunization of
volunteers with PPS or DT vaccines. No specific antibody-producing spot-
forming cells (SFC) were detectable before immunization, and in vitro
stimulation of preimmune B cells with rhIL-6 failed to induce specific
antibody (ADb) secretion. Seven to nine iays after immunization with either
PPS or DT, Ag-specific SFC were present in the circulation. When PBMC from
subjects immunized 7 days earlier with DT were stimulated with rhIL-6 in
vitro for 7 days, an increase of the frequency of Ag-specific SFC was observed
at 20 Units/ml of rhIL-6. When the B cell-enriched fraction was cultured in
the presence of rhiIL-6, the increase of SFC was similar to the unfractionated
PBMC (Table 1). The amount of anti-DT Ab secreted into the supernatant
paralleled the numbers of SFC.

Table 1. Numbers of Anti-DT SFC and Anti-DT Antibodies in B
Cell Cultures Supplemented with rhIL-6

IL-6 added to Anti-DT SFC/ IgG anti-DT Ab
B cell cultures (/ml) 106 cells 2 (ELISA units/ml)b
None 11347¢ 0.071+0.004

20 Units 300423 0.12040.001

40 Units 273437 0.115+0.004

80 Units 340412 0.130+0.004

a Numbers of anti-DT SFC were determined by ELISPOT on
nitrocellulose plates coated with 1ug/well of DT. Wells were

developed with a biotinylated isotype-specific anti-human Ig
antibody.

b ELISA units (EU) based upon a reference serum arbitrarily
assigned 100 EU of IgG anti-DT/ml.

€ Arithmetic means + SEM.



When B cell-enriched PBMC of subjects vaccinated 7 days earlier with
PPS were cultured with rhIL-6, the in vitro secretion of PPS-specific Ab was
enhanced in the same dose-dependent fashion (Table 2). Stimulation with
rhIL-6 did not alter the isotype distribution of the SFC, but augmented IgA,
IgG, and IgM proportionally (Table 2). Similar patterns of Ag-specific
responses were also induced in splenic B cell cultures in the presence of
rhIL-6 15.

Table 2. Enhancement of IgG and IgA Anti-PPS SFC in IL-6
Supplemented B Cell Cultures?

IL-6 added to IgG anti-PPS IgA anti-PPS
B cell cultures (/ml) SFC/106 cells SFC/106 cells
None 3570+550 3030+190
20 Units 4260+350 34801225
40 Units 48901270 41104330

a Numbers of IgG and IgA anti-PPS SFC (arithmetic means *
SEM) determined by ELISPOT. Nitrocellulose wells were
coated with PPS coupled to poly-L-lysine (1.5 pg/well) and
developed with a biotinylated anti-y or -a chain-specific
antibodies.

To test whether the observed increase of Ag-specific SFC was indeed
caused by rhIL-6, PBMC obtained from a healthy volunteer 7 days after
immunization with PPS were cultured in the presence of rhIL-6 and the goat
anti-IL-6 serum. The polyclonal antiserum completely inhibited the effect of
rhIL-6 up to a concentration of 40 U/ml, while this inhibitory effect was
partially reversed by higher doses of the cytokinel5. Normal goat serum had
no effect on in vitro Ag-specific Ab secretion. The same neutralizing effect
was observed when anti-IL-6 serum was added to the splenic B cells and
cultured in the presence of optimal concentrations of rhIL-615. These results
showed that administration of both T cell-dependent and -independent Ags
induce circulating B cells which respond to IL-6. In this regard, it has been
shown that in vivo immunization of humans with a variety of antigens
induces the formation of large B cells in the circulation16-18. These cells
represent activated B cells which can bind antigen and possess the potential to
secrete spectific Ab.

Based on our findings, one could postulate that in vivo stimulation
might induce IL-6 receptor (IL-6R) expression on this large B cell subset. To
test this possibility, PBMC were obtained from two subjects before and after
immunization with DT and stained for the pan-B cell marker CD19 and IL-6R.
When CD19+ cells were separated by flow cytometry according to their forward
scatter into small and large cells, it was revealed that less than 3% of small B
cells and 25-29% of the large B cells expressed the IL-6R15. The proportion of
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large CD19+ cells slightly increased after immunization, although the total
number of large B cells bearing the IL-6R did not change significantly!5.

When peripheral blood or splenic B cells were stimulated in vitro with
rhIL-6, the numbers of Ag-specific SFC and the amount of secreted Ab was
increased in a dose-dependent fashion. The isotype distribution was not
altered by rhIL-6. Approximately 25% of the large peripheral blood B cells
were IL-6R positive. It is likely that the IL-6R* fraction includes the large B
cells that were induced by immunization, because activated B cells have been
shown to express that receptorld. RhIL-6 probably acted on IL-6R bearing large
B cells by sustaining the ongoing Ab secretion and by inducing the terminal
differentiation of nonsecreting cells into high-rate antibody-secreting cells. A
pre-secretory phase in B cell differentiation indeed exists in mice20. These
cells have abundant steady-state levels of Ig and J chain transcripts, but low
rates of Ig secretion. Further, after stimulation of human PBMC with PWM,
we found cells with a lymphoblast morphology which contained cytoplasmic
Ig, but did not secrete Ig in the ELISPOT assay (unpublished data). This may be
an indication that the pre-secretory phase in B cell differentiation also exists in
humans. IL-6 may be one of the signals which promotes the differentiation of
those cells into plasma cells.

ROLE OF IL-6 IN IgA1 AND IgA2 B CELL DIFFERENTIATION

In the murine system, IL-6 is of central importance for the induction of
committed, surface IgA-positive (sIgA+) B cells to become IgA-secreting
cells 21. In those studies, B cells were obtained from murine Peyer's patches
(PP), an IgA-inductive site which is enriched in sIgA+ cells, and IL-6 was
shown to induce sIgA* B cell blasts to terminally differentiate into IgA-
producing plasma cells2l. However, it remained to be determined whether
IgA-committed B cells from human gut-associated lymphoreticular tissue
(GALT) could also respond to IL-6 without any co-stimulants. To this end,
purified B cells from human appendix were used to examine the role of
human IL-6 in regulation of IgA1 and IgA2 synthesis. This population had
the advantage of containing a high frequency of sIgA+ B cells?2. In addition,
the appendix has been shown to exhibit features of GALT, and this includes a
dome region covered by a unique epithelium containing follicle-associated
epithelial (FAE) or microfold (M) cells that function in the uptake of gut
antigens for the induction of mucosal immune responses23. Thus, the
appendix has anatomical and functional characteristics in common with the
PP which have been well characterized in mice and shown to be major IgA
inductive sites24.

When B cells isolated from human appendix were incubated with rhIL-
6 for 7 days, increased numbers of IgA SFC were found (Table 3). In this
regard, a 10-15% increase in IgA-producing cells was already seen after 3 days
in culture, while greater than 30% increases in IgA SFC were noted after 7 days
of incubation25. Importantly, smaller increases in the number of SFC were
seen for IgM and IgG isotypes. In contrast, addition of the same amount of
rhIL-6 to tonsillar B cell cultures did not enhance the numbers of IgM, IgG and
IgA SFC (Table 3) unless the cells were pre-stimulated with PWM, confirming
results from a previous study!4. These results show that IL-6 induces Ig
synthesis in freshly isolated human appendix B cell cultures without mitogen



or antigen co-stimulation25. Further, the effect was predominantly restricted
to the IgA isotype.

The finding that appendix B cells are responsive to rhIL-6 without any
costimulation would suggest that GALT B cell subsets constitutively express
IL-6R. This hypothesis was investigated by using freshly isolated appendix B
cells, which were incubated with a monoclonal anti-IL-6R antibody. A high
expression of IL-6R was seen on appendix B cells25. However, B cells isolated
from PBMC, spleen or tonsils did not express IL-6R unless they were
stimulated with PWM. The intensity of IL-6R expression on GALT B cells was
stronger than on PWM-stimulated peripheral blood B cells. Therefore, the
appendix represents the only human lymphoid tissue studied to date that
contains B cells endogenously expressing IL-6R25. When the expression of IL-
6R was examined on the different subsets of B cells according to their
membrane isotype expression, two-color FACS analysis showed that sIgA+ B
cells expressed higher levels of IL-6R than were seen with sIgM* or sIgG+ B
cells25. This would explain the tendency of appendix B cells to differentiate
into IgA-secreting cells in the presence of rhIL-6.

The observation that human appendix B cells respond to rhIL-6
without mitogen co-stimulation is a novel finding. As described in the
previous studies, human B cells from PBMC, spleen, and tonsils required
activation for expression of IL-6R and for induction of Ig synthesis by

Table 3. Effect of IL-6 on B Cells Isolated from Human Gut-
Associated Lymphoreticular Tissue (GALT)2

Number of SFC/106B cellsb

Appendix B cells Tonsil B cells
Isotype IL-6(+) IL-6(-) IL-6(+) IL-6(-)
75,000 30,000 4,100 4,600
IgA + + + +
10,000 5,000 200 600
3,000 1,900 14,000 16,800
IgG + + + +
900 100 600 700
2,100 900 3,400 3,100
IgM + + + +
200 180 400 200

a Purified B cells from appendix and tonsils (1 x 106/ml) were
cultured in the presence (+) or absence (-) of rhIL-6 (20
units/ml) for 7 days. Nonadherent cells were harvested and
tested in the ELISPOT assay to enumerate IgM-, IgG- and IgA-
SEC.

b Numbers are indicated as arithmetic means + SEM.



11.-613,14,19,20,27, In contrast, our studies have demonstrated that B cells freshly
isolated from the human GALT express high levels of IL-6R25. Further, the
highest intensity of IL-6R was noted on sIgA+ B cells. This would explain the
predominant IgA SFC responses seen after cultivation with rhIL-6. These
findings favor the notion that the appendix is an IgA-inductive site in
humans, and in this regard resembles the murine PP25,28, Both murine PP
and human appendix are enriched for sIgA+ B cells, and these subsets are
responsive to IL-6 which induces them to terminally differentiate into IgA
plasma cells?1,25,

Inasmuch as human IgA occurs in two subclasses, it was important to
examine the effect of IL-6 for induction of IgA1 and IgA2 isotypes. Addition of
rhIL-6 resulted in approximately four-fold increases in both IgA subclass SFC
responses in appendix B cells (Fig. 1), while no IL-6 effect was seen in B cell
cultures prepared from tonsillar B cells. The IgA2 SFC represented
approximately 60-70 percent of the total IgA SFC seen with appendix B cells25.
The increase in IgAl and IgA2 SFC was indeed due to IL-6, since addition of
anti-IL-6 antibodies to appendix B cell cultures containing rhIL-6 completely
abrogated the effect of its BSF-2 activity. These results show that rhIL-6
induces GALT B cells to terminally differentiate into IgA1- and IgA2-secreting
cells.

IgA1 SFC/10° Cells rhil-6 IgA2 SFC / 10° Cells

. . _ . l (20u/mi) . _ ‘

s 4 3 2 1 0 0 1 2 3 4 4

x10 x10

Figure 1. IL-6 support both IgA1 and IgA2 SFC responses in human appendix

B cell cultures. Appendix B cells were incubated in the presence of

20 units/ml of rhIL-6, or without cytokine, and numbers of IgAl and

IgA2 SFC/106 viable mononuclear cells were assessed by ELISPOT
assay.

When the frequency of IgAl and IgA2 cells was compared between
appendix and tonsils, two distinct patterns of IgA1 and IgA2 subclass
production were noted. Appendix B cells contained higher numbers of IgA2
cells (Fig. 1), while tonsils harbored predominantly IgA1-producing cells. Our
separate studies have shown that approximately equal numbers of sIgA+ B
cells in both lymphoid tissues co-express IL-2R and transferrin receptors
(Fujihashi, et al., manuscript in preparation). An important difference was



noted between sIgA+ B cells in these two tissues and induced IL-6R expression
and cell size. For example, sIgA+B cells in appendix were large blasts and
expressed IL-6R. Furthermore, as described above, B cells isolated from
appendix responded well to IL-6 without any costimulation, while tonsillar B
cells did not25. These findings suggested that although both appendix and
tonsils are organized secondary lymphoid tissues, residing IgA-committed B
cells are distinct in terms of their role in the induction of IgAl and IgA2
responses in humans.

Approximately 10% of appendix B cells were induced to differentiate
into IgA-producing plasma cells by IL-625. Further, approximately 50% of
appendix B cells expressed surface IgA. Based on these findings, one could
suggest that a relatively small number of sIgA+ B cells in human appendix
respond to IL-6 and terminally differentiate into IgA-secreting plasma cells. It
will be important to elucidate the exact nature of sIgA* B cells which are
directly responding to IL-6. To this end, it will be necessary to further separate
sIgA+ B cells into subsets according to the co-expression of other surface Igs
(e.g., sIgM*) and to their intensity of IL-6R expression (e.g., high vs low) as
well as their possible occurrence in germinal centers. These types of analysis
should provide the precise nature of sIgA+ B cells in human GALT which are
directly responsive to IL-6 and subsequently differentiate into plasma cells.
We still do not know why sIgA+ B cells which reside in GALT express more
IL-6R when compared with sIgM* and sIgG* B cells; however, this may
explain why IgM and IgG are produced less in the mucosal immune system.
One could postulate that more frequent sIgM — sIgA B cell switches occur in
this tissue. Along these lines, it is generally thought that p » o isotype
switches occur in PP germinal centers, since high number of surface IgA+ B
cells are found29,30, Further, cloned T cells have also been derived from
human appendix and murine PP which induced both sIgM — sIgA switches
and which support IgA synthesis31-33,

CONCLUSIONS

IL-6 is a key terminal differentiation factor for Ag-induced and for
polyclonally activated large B cells to become Ig-producing plasma cells.
When B cells were isolated from PBMC of normal subjects that had been
immunized with either T cell-dependent or -independent antigens, small but
significant numbers of activated B cells were present. These large B cells
expressed IL-6R and responded to exogenous IL-6 in a dose-dependent manner
in vitro which resulted in the appearance of increased numbers of Ag-specific
Ab-forming cells. Further, the secreted amount of Ab to the immunizing
antigen was also enhanced by IL-6. In this process, IL-6 did not act in an
isotype-specific manner since IL-6 supported both antigen-specific IgG and IgA
responses. These results further support the concept that isotype-specificity of
IL-6 is determined by the developmental stage and subset of B cells which are
responsive to this cytokine.

In studies of polyclonal IgA synthesis, it was clearly demonstrated that
the tissue source of B cells is important for the IL-6 effect. In this regard, B
cells isolated from human appendix (or GALT) responded to IL-6 without any
co-stimulation and led to significant increases in IgA-secreting cells. On the
other hand, B cells isolated from PBMC or tonsils did not respond to IL-6



unless cells were pre-stimulated with mitogens. Further, sIgA+ B cells from
appendix expressed more IL-6R than those isolated from PBMC, tonsils, or
spleen. The distribution of sIg* B cells in the appendix B cell population was
sIgA+* > sIgG+ > sIgM*, and the sIgA+ B cells express higher levels of IL-6R
when compared with sIgG+* or sIgM+ B cells. When IgA subclass responses
were measured, rhIL-6 induced both IgAl and IgA2 SFC responses; however,
60-70% of the total response was represented by the IgA2 subclass. Our studies
suggest that the human appendix is an enriched source of sIgA* B cells which
express high levels of IL-6R and are responsive to cytokines such as IL-6 for
induction of IgA production.
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INTRODUCTION

Human colostrum and milk contain approximately 1-5x106 cells/ml,
identified by histochemical and immunohistochemical staining as
macrophages (~40% of total cells), polymorphonuclear leukocytes (PMN),
(~50%), lymphocytes (7-25%), and epithelial cells (~1%)1-4. Phenotypic
analyses of lymphocytes revealed the presence of both B and T cells; the latter
population is represented by CD4- and CD8-positive cells as well as v/§ cells
and NK cells2,5-7. Studies of colostral and milk lymphocytes of B cell lineage
yielded controversial results with respect to their morphological properties,
and their ability to respond in vitro to various stimuli and secrete
immunoglobulins (Ig)1.24.8. The purpose of our studies was to re-evaluate
the characteristics of colostral Ig-containing cells and to determine the
transformability of B cells by the Epstein-Barr virus (EBV) which has been
used in many studies of the differentiation potential of human B cells from

various sources?.

Ig-CONTAINING CELLS IN HUMAN COLOSTRUM

Studies of colostral B cells are hampered by difficulties encountered
during the isolation of a pure population because colostral macrophages,
PMN and non-cellular elements also display surface Ig2.10,11. In one study!?,
plasma cells were identified in abundance by staining of colostral cells with
Wright-Giemsa stain. However, using immunofluorescence (IF)2,
immunoelectron microscopy!3, and staining with hematological reagents we
have failed to detect plasma cells in 72 samples of human colostruma2.
Differences in the interpretation of staining may explain this discrepancy;
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colostral macrophages may have resembled plasma cells and contaminated
purified colostral cell preparations.

Examination of colostral cells for antibody production by hemolytic
plaque assays also provided controversial results. Although high numbers of
hemolytic plaques formed by colostral elements against various bacterial
antigens have been detected in all studies10.14-16, microscopic examination of
these plaques revealed the presence of individual or clustered phagocytic cells
and fat-containing noncellular particles in the center10.16. The number of
hemolytic plaques formed against a single antigen exceded by a great margin,
expected results. Furthermore, the plaque formation was only minimally
suppressed by metabolic inhibitors (Fig. 1) and the numbers of plaques did not
correlate with the number of lymphoid cells represent in a given population.

100

85

Il colostral cells
4 PBMC

72

80 -
60-

40

% inhibition
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0~ —
IgA IgA1 IgA2

Figure 1. Inhibition of IgA spot-formation by cycloheximide. Colostral cells
and peripheral blood mononuclear cells (PBMC) were cultured
overnight in RPMI-1640 + 10% fetal calf serum; before analysis by
ELISPOT, the cells were incubated for 4 h with cycloheximide (25
pg/ml). This treatment reduced the number of spots formed by
PBMC by 72-85% while only 4-11% reduction was observed with
colostral cells.

The ability to develop the same number of plaques with anti-a chain-
and anti-secretory component (SC)-specific reagentsl® suggested that the
elements in the plaque center contained performed secretory IgA (S-IgA)
which was released during the incubation. Many studies have convincingly
demonstrated that colostral phagocytic cells and noncellular particles are
laden with colostral proteins, including IgA, which are released upon cell
lysis2,10,13,16-19 Analysis of molecular properties of IgA released from lysed
colostral cells revealed that these cells contained fully assembled polymeric
and SC-containing S-IgA molecules10. This finding was in sharp contrast to
the results obtained by comparative analysis of molecular forms of IgA
secreted into culture supernatants or found in cell lysates of peripheral blood
cells stimulated with mitogens: although polymeric IgA predominated in
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culture supernatants, the intracellular IgA was found mostly in a monomeric
form10. The mode and site of acquisition of colostral proteins by phagocytic
cells remains unresolved. Although receptors for Fco have been identified on
both macrophages and PMN20.21, the impulses that result in the
internalization of S-IgA, IgM, IgG and other colostral proteins?, have not been
identified.

The total amount of intracellular IgA as related to the concentration
and distribution of IgA in colostrum (free vs. cell-bound) remains
controversial. It has been proposed that IgA within macrophages represents
2-10% of the total colostral and milk IgA18,19. When the total concentration
of S-IgA in milk and colostrum (2-86 mg/ml with an average of 12.34 mg/ml
in early colostrum?22,23) are related to the total number of colostral
macrophages (~5x105/ml) it appears that the reported estimates of the relative
contribution of macrophages to total colostral S-IgA are unrealistically high.
Using a radioimmunoassay standardized with human colostral S-IgA we
have estimated that only a minute fraction of total colostral S-IgA is found
within colostral cells (500ng IgA /106 cells)10. Even this amount is high when
compared to the concentration of IgA measured in lysates of peripheral blood
mononuclear cells cultured for 7 days in the presence of pokeweed mitogen
(PWM); 15-40 ng IgA was measured per 106 cells. Examination of colostral
phagocytic cells by immunoelectron microscopy revealed that IgA is localized
within phagocytic vacuoles of highly variable sizes and densities13,18. Because
the formation of hemolytic plaques or spots (as determined by the ELISPOT
assay2?4) was not inhibitable by cycloheximide, active proteosynthesis was not
required for release of intracellular Ig24.

PROPERTIES OF COLOSTRAL B CELLS

In contrast to peripheral blood mononuclear cells, stimulation of
colostral cells with various mitogens did not result in the generation of Ig-
producing cells®. Furthermore, addition of colostral cell preparations to
PWM-stimulated peripheral blood lymphocytes suppressed their
responsiveness to PWM. We have shown previously25 that colostral whey
contains substances that inhibit PWM-induced differentiation of peripheral
blood lymphocytes and apparently such substances were also present in
colostral cell preparations. Alternatively, colostral T cells are not able to
support T cell-dependent differentiation of peripheral blood B cells by PWMS.
Furthermore, because T cell-enriched populations from peripheral blood did
not augment Ig production by colostral B cells in the PWM system, we
suggested that the later population is represented by B cells that are poorly
responsive to PWMS.

Our initial attempts to transform colostral B cells with EBV were
unsuccessful, although B cells from corresponding peripheral blood were
easily transformable8. Because Avital et al.26 have succeeded in transforming
B cells from 5 out of 8 colostral samples with EBV, we have renewed our
efforts. Thus far, we have successfully transformed colostral B cells with EBV
from 11 of 49 samples with an increasing rate of success. Our initial
difficulties may be due to the diminished EBV transformability of B cells from
Blacks (Jackson, unpublished results); almost all of our colostrum donors are
Black mothers. Furthermore, we have used, in some experiments, a higher
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concentration of cyclosporin. In our most recent studies, we have been able to
transform B cells from 1 out of 2 colostral samples with EBV27,

Properties of EBV-Transformed Cells.

EBV-infected cells proliferated and differentiated into Ig-producing
cells, and have been kept in cultures without further subcloning for more
than 100 days2?. The cells and culture supernatants have been analyzed for
the isotype (including IgA subclasses) of intracellular and secreted Ig, and for
the presence of intracellular polymeric IgA linked to ] chain using
immunofluorescence (IF)2, ELISPOT24 and ELISA modified for the detection
of pIgA28. As shown in Table 1, the colostral cells transformed with EBV
secreted Ig, predominantly of IgG and IgM isotypes, as detected by ELISPOT
and IF. With respect to the IgA subclasses, IgAl-positive cells were
predominant, especially in long-term cultures.

Table 1. Cytoplasmic Immunofluorescence of Two Colostral
Cell Cultures, Five Weeks After EBV Transformation

Percent of cells positive for cytoplasmic:
Culture % Ig+ cells IgGa IgMa IgAa  IgAlb IgA2b

1 35 51 32 17 85 15
2 63 37 48 15 60 40

a % Ig* cells
b 9% total IgA+ cells

When compared to parallel cultures of EBV-infected peripheral blood B cells,
the total number of Ig-positive cells was lower in colostral cells. The numbers
of IgA1l- and especially IgA2-positive cells found in colostral cell cultures
resembled, by their ratio, the distribution of IgA subclass-positive cells in the
mammary gland?29 and in colostrum30.

The quantities of IgM, IgG, IgA (including IgA1 and IgA2 and associated
J chain) were measured by an ELISA28 during 6 wks in culture (Fig. 2).
Supernatants of colostral cells from different donors displayed considerable
individual variances with respect to the predominance of Ig isotype. For
example, after 6 wks, IgM and IgAl were found in highest quantities in
supernatant from culture #3 but not in other cultures.

Most of the IgAl- and IgA2-positive cells contained intracellular J chain
(determined by IF)2 and J chain-containing polymeric IgA1 and IgA2 were
detected in culture supernatants.

In contrast to EBV-transformed peripheral blood B cells in which a
three-fold increase was observed3l, the addition of IL-6 to colostral cells did
not significantly influence the secretion of IgA, IgG, or IgM. However, a slight
increase in the content of J chain was noted in IgA1 and IgA2 secreted by cells
cultured in the presence of IL-6. Importantly, the addition of IL-6 had no
effect on the isotype profiles of Ig-secreting cells from activated peripheral

blood B cells31 or EBV-transformed colostral cells cultured for up to 100
days?7.
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Figure 2. Levels (in ng/ml/106 cells) of IgAl, IgA2, IgM, and IgG in
supernatants of EBV-transformed colostral cells from three donors kept in
culture for 6 weeks.

Although poorly responsive or unresponsive to commonly used
mitogens8, colostral B cells from some donors can be transformed by EBV into
Ig-secreting cells. Thus, our results2? confirm and extend these of Avital et
al.26. Transformed colostral B cells secreted Ig of all three major isotypes
without a marked preference for IgA. Thus, it appears that the colostral B
cells do not include a population of IgA plasma cell precursors pre-selected or
locally expanded by the lactating mammary gland. Their origin and reasons
for a decreased in vitro responsiveness to mitogens and IL-6 remains to be
clarified.
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CONCLUSIONS

1.

Immunoglobulins were detected in colostral phagocytic cells and
noncellular globules. Lymphoblasts and plasma cells positive for
cytoplasmic Ig were not detectable. In contrast to the active secretion of
Ig by PWM-stimulated peripheral blood lymphoblasts, the release of Ig
from colostral cells was not inhibitable by cycloheximide. Together
with previously reported10 quantitation of intracellular IgA, molecular
form of this IgA (SC-containing polymers), and determination of cell
types that contain IgA, we conclude that a great majority of IgA
associated with colostral cells is found in phagocytic cells and is not
actively synthesized in high quantities by colostral cells of B
lymphocyte lineage.

In contrast to our previous unsuccessful effort with transformation of
colostral B lymphocytes with EBVS, slight modification in culture
conditions resulted in the establishment of long-term cultures from 11
out of 49 individual samples of colostral cells. IgM-, IgG-, and IgA-
(including both IgA subclasses)-secreting cells were detected by the
ELISPOT assay and immunofluorescence. Although the number of Ig-
positive cells decreases in long-term cultures, we have maintained
such cultures for several months. In contrast to cells from peripheral
blood, the addition of IL-6 had no effect on the number of Ig-positive
colostral cells and the isotype of secreted Ig.
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THE EFFECTS OF COLOSTRUM ON NEUTROPHIL FUNCTION:
DECREASED DEFORMABILITY WITH INCREASED CYTOSKELETON-
ASSOCIATED ACTIN

E. Stephen Buescher

Department of Pediatrics, Division of Pediatric Infectious
Diseases, University of Texas Medical School at Houston,
Houston, TX 77030

INTRODUCTION

The most prominent cellular elements of human colostrum are
phagocytic leukocytes, which are present in numbers ranging from 1-50 x
105/ml. The majority of these cells are polymorphonuclear leukocytes
(neutrophils), the widely acknowledged acute inflammatory cell of the body.
The presence of large numbers of neutrophils in any blood fluid other than
bone marrow or blood is generally taken to imply the presence of acute
inflammation, but in the newly lactating breast, the source of colostrum,
"rubor et tumor cum calore et dolore” are not present.

The presence of acute inflammatory cells in colostrum without
evidence of acute inflammation is curious and unexplained. In disease states
where the function of the neutrophil as an inflammatory cell is suppressed (as
in neutropenia or in inherited neutrophil dysfunction sates), altered acute
inflammatory responses are the rulel, implying a relationship between the
cell's functional capabilities and the acute inflammatory response. Others
have previously shown that the functional capabilities of colostral
neutrophils and blood neutrophils are very different, with the colostral cells
showing diminished activities2. We hypothesized that the colostral
environment was capable of suppressing multiple facets of normal neutrophil
function and that the result of this effect was acute inflammatory cells
without acute inflammation. To test this hypothesis, we examined the effects
of colostrum exposure on neutrophil locomotion and its associated
parameters deformability and polarization.

MATERIALS AND METHODS

Human colostrum was collected and processed as previously
described34. Following high speed centrifugation the cell-free aqueous
fraction was collected and stored at -70°C until used. Neutrophils were
purified from heparinized control donor blood as described3.4.

Immunology of Milk and the Neonate
Edited by J. Mestecky et al., Plenum Press, New York, 1991 131



Locomotive responses of neutrophils were examined using a
rectangular well, under-agarose assay>. Leading front distances were used to
estimate locomotive responses: Hank's balanced salt solution (HBSS) was
substituted for a stimulus to examine unstimulated locomotion. Chemotaxis
was examined with three stimulus conditions: zymosan activated serum
(AcS), 5 x 10-7M f-met-leu-phe (fMLP) and AcS plus fMLP (AcS + fMLP). For
colostrum exposure experiments, 50% aqueous colostrum was incorporated
into the agarose plate.

Neutrophil deformability was assayed using a micropore filter method.
A five micron pore size (13 mm size) polycarbonate filter was mounted in a
modified filter holder which allowed continuous monitoring of fluid
pressure on the proximal side of the filter. Purified neutrophils (2.5 x 106/ml)
were pumped at a constant rate (1 ml/min) across the filter using a Harvard
pump, and the pressure generated on the proximal side of the filter was
recorded over 60 sec. Runs were performed in triplicate and averaged to
produce a representative pressure x time curve for each experimental
condition. The area under the pressure x time curve was taken as the
measure of neutrophil deformability. Exposure conditions tested included
50% aqueous colostrum and 5 pg/ml. cytochalasin B, both at 37°C for the time
periods described. Cell samples were cooled to room temperature before
deformability testing.

Neutrophil polorazation was estimated visually. Purified cells were
exposed to experimental conditions at 37°C for the times described, and were
then fixed with 10% formalin for 30 min at 4°C. After washing, the cell
suspensions were examined microscopically and 100 cells in each
experimental condition were assessed as to whether they were round or
polarized.

The F-actin content of colostrum-exposed neutrophils could not be
assessed using the NBD-phallicidin method because of the high protein
content of the aqueous colostrum. As an alternative, the neutrophil content
of cytoskeleton-associated actin (CAA) was estimated6. Four million purified
neutrophils were either kept in buffer or exposed to 50% aqueous colostrum at
37°C for the times described. The cells were then lysed (5 mM DFP, 20 mM
EGTA, 20 mM imidazole, 80 mM KC1 and 2% Triton X-100), pelleted, washed,
repelleted, and then solubilized for SDS-PAGE on 10% gels. After staining
with coomassie blue, the gels were photographed, the negatives were
densitometrically scanned, and the area under the 42 kDa actin peak was taken
as the estimate of CAA for that condition. For comparisons, the unexposed,
time O cell content was normalized to 1.0, and CAA content in other
conditions was expressed as the fold increase/decrease over the unexpected,
time 0 cell content.

For statistical analyses, mean + SE values were compared by t-test, with
Pp<0.05 declared as statistically significant. When natural pairing occurred
over entire data sets, paired-simple t-tests were used to make comparisons.

RESULTS

Colostrum Exposure Significantly Suppresses Blood Neutrophil Locomotive
Responses (Fig. 1)

Unstimulated movement in the presence of 50% aqueous colostrum
was decreased to 34 + 11% (n = 5) of unexposed control movement, while
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Figure 1. Blood neutrophil locomotive responses in the presence of 50%
aqueous colostrum. Unstimulated locomotion (HBSS) and
chemotaxis (AcS, fMLP, AcS + fMLP) are shown. Data points are
mean + SE; all colostrum effects are significant, p <0.05.

chemotaxis to AcS, fMLP and AcS + fMLP were decreased to 29 + 9% (n = 5),
59 + 14% (n = 5) and 47 + 12% (n = 4) of control values, respectively (all
p<0.05).

Colostrum Exposure Significantly Decreased Blood Neutrophil Deformability
(Fig. 2)

Because the ability to deform and change shape is important in
neutrophil locomotion, the effects of 50% aqueous colostrum exposure on cell
deformability were examined. The vertical geometry of the filtration system
caused acellular buffer alone to give a pressure x time area of 95 + 2 mm Hg
sec. Neutrophils without colostrum exposure resulted in a pressure x time
area of 357 + 31 mm Hg sec. Fifteen min, 37°C exposure to aqueous colostrum
increased the pressure x time area significantly (508 + 33 mm Hg sec, p <0.005
vs. unexposed cells, n = 9). This effect was present at the earliest time point
examinable (5 min colostrum exposure: 645 + 90 mm Hg sec) and could be
reversed by washing the colostrum exposed cells.

Five min exposure of control neutrophils to 5 pg/ml of cytochalasin B
dramatically decreased the pressure x time area observed (120 + 8 mm Hg sec,
p<0.005 vs control, n = 5), implying that cytoskeletal actin polymerization
contributed significantly to normal cell deformability characteristics.
Cytochalasin B exposure decreased the pressure x time areas of colostrum
exposed neutrophils to 229 + 30 mm Hg sec (p<0.01 vs. colostrum exposed
cells, n = 6), but not to the levels observed with cytochalasin B exposed control
cells.
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Figure 2. The effects of 50% aqueous colostrum and cytochalasin B on blood
neutrophil deformability. Data points are mean + SE. HBSS
represents an acellular buffer blank.

Colostrum Exposure Significantly Increased the Percentages of Blood
Neutrophils Showing Polarization (Fig. 3)

Because the decreased neutrophil deformability caused by colostrum
exposure appeared to be partially related to neutrophil cytoskeletal
organization, and neutrophil cytoskeletal organization is often accompanied
by polarization of this cell type, the effects of colostrum exposure on
neutrophil shape were examined. Freshly purified neutrophils, incubated in
HBSS for 15 min at 37°C were 44 + 7% polarized. This level of polarization
was decreased to 12 + 4% by cytochalasin B exposure, and increased to 88 + 3%
by 50% aqueous colostrum exposure. The colostrum effect was reversible, as
washing decreased polarization to 28 + 6%, and appeared to be at least partially
related to cytoskeletal organization, as addition of cytochalasin B to the
colostrum exposed cells decreased polarization to 41 + 8%.

Colostrum Exposure Significantly Increased Blood Neutrophil CAA Content
(Table 1)

The cytochalasin B effects observed in both the deformability and
polarization assays prompted the examination of neutrophil CAA content.
When various experimental exposure conditions were examined, it was clear
that colostrum exposure caused very rapid increases in CAA. The largest
increases were seen at the earliest time point examinable (time 0 min, i.e., the
time of colostrum addition), and levels remained increased over at least 15
min of colostrum exposure. Examination of the aqueous colostrum showed
no 42 kDa actin band by SDS-PAGE, making it unlikely that the increase in
cellular CAA content was due to artifactural accumulation of colostral actin by
the cellular cytoskeletons.
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Figure 3. The effects of 50% aqueous colostrum and cytochalasin B on blood
neutrophil polarization. Bars show the mean + SE.

Table 1. The Effects of Human Colostrum Exposure on
Cytoskeleton-Associated Actin Content of Neutrophils

DURATION OF EXPOSURE#
0 MINUTES 5 MINUTES 10 MINUTES 15 MINUTES

NO COLOSTRUM EXPOSURE 1.0 1.0 + 0.3 ND 4.4 + 3.6
an (&) 3)

COLOSTRUM EXPOSED 7.0 + 3.8« 3.3 £ 0.7%x 3.0+1.4 2.4+ 0.2x%x
an (16) 0) an

CYTOCHALASIN B EXPOSED ND 0.9(%)0.4 ND ND

COLOSTRUM AND
CYTOCHALASIN B EXPOSED ND 1.6(%)0.4 ND 1.8(%)0.8

# EXPRgSSED AS THE X + SE FOLD INCREASE OVER O MINUTES, NO COLOSTRUM EXPOSURE
CELL!

* p<0.01 VS. O MINUTE, NO COLOSTRUM EXPOSURE

*x p<0.02 VS. 0 MINUTE, NO COLOSTRUM EXPOSURE

*xxx p<0.05 VS. 0 MINUTE, NO COLOSTRUM EXPOSURE

DISCUSSION

The paradox of acute inflammatory cells in human colostrum without
evidence of acute inflammation is unexplained. To determine whether
functional characteristics of neutrophils important to their roles as
inflammatory cells might be suppressed by the colostral environment, (thus
explaining the lack of inflammation), we examined the effects of aqueous
colostrum on neutrophil locomotion, polarization and deformability. These

135



studies showed that colostrum caused significant alteration of each of these
characteristics, in directions that would be expected to adversely alter the cells
ability to mediate/propagate inflammation. Mechanistically, both the
polarization and deformability effects of colostrum appeared to be mediated
via enhanced actin polymerization/cytoskeletal organization (based on the
effects of cytochalasin B). Direct quantitation of CAA content of colostrum
exposed cells confirmed this. Taken together, the data imply that for blood
neutrophils, the colostral environment is not one that would be optimal for
cellular function.

We have previously shown that human colostrum contains
antioxidant activities that effectively consumes neutrophil produced H>0»
and can prevent neutrophil-mediated epithelial cell injury in vitro34. The
current studies add to these observations, painting a picture that portrays the
neutrophil in the colostral environment as a cell whose normal capabilities
are compromised. Although the leukocytes in human milk have previously
been considered to be gifts from the mother to the infant, perhaps this does
not apply to the neutrophil in colostrum. We interpret our results as
suggesting the opposite; the neutrophil is by its nature a potentially
dangerous cell, the persona of acute inflammation. The neutrophil in
colostrum appears to be altered via multiple routes, with the paradoxical
effect that acute inflammatory cells are present without acute inflammation.
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PEROXIDASES IN HUMAN MILK
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Department of Biochemistry and School of Dentistry, University
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INTRODUCTION

The first quantitative measurements of peroxidase activity in human
milk were reported in 19631. Since that time, a number of studies have been
published and recently reviewed?. Reported peroxidase activities show great
variability. However, there is general agreement on the following points:
peroxidase activity is highest in human colostrum and declines to
significantly lower levels in mature milk; bovine colostrum and mature milk
have much higher and much less variable peroxidase activity than do their
human counterparts; human milk peroxidase activity is correlated with the
presence of polymorphonuclear (PMN) leukocytes.

The contribution of leukocyte myeloperoxidase (MPO) to total human
milk peroxidase activity is controversial. In one study3, the molecular
exclusion chromatographic profile of human milk peroxidase was found to be
similar to that of MPO derived from blood PMN leukocytes. An antibody
directed against bovine lactoperoxidase (LPO) did not react with human milk
peroxidase or with MPO. Another study?, reported that the peroxidase in
human milk gave a single precipitin line against an antiserum prepared
against human MPO, and that anti-MPO IgG completely precipitated the
peroxidase activity in human colostrum. This latter study reported that
human colostral whey peroxidase, purified to homogeneity, was composed of
subunits similar in size to the subunits of human MPO.

Other workers have concluded that human milk peroxidase is not
MPO. All of the peroxidase activity in a pool of whey from human colostrum
has been reported> to be absorbed to Phenyl Separose C1-4B and to elute with a
retention time characteristic of LPO. All of the peroxidase activity in the whey
was removed by an immuno-affinity column utilizing anti-bovine LPO
antibodies. The ConA-Separose elution pattern of colostral peroxidase and
bovine LPO antibodies absorbed the colostral peak from the ConA-Sepharose
elution but did not bind human MPO. In further studies6, an apparent 1450-
fold purification of human colostral peroxidase was reported. This
preparation had spectral properties and molecular size comparable to bovine
LPO.
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We report here studies which show that human milk and colostrum
contain variable amounts of two peroxidase enzymes: MPO, and a peroxidase
with properties similar to those of human salivary peroxidase (SPO). In this
study, we have used kinetic methods of analysis to distinguish between the
different milk peroxidases. The conflicting results in the literature may be a
consequence of real qualitative and quantitative differences in the peroxidase
contents of the preparations analyzed by the different investigators and of
differences in sensitivities and specificities of the methods used to characterize
the enzymes.

MATERIALS AND METHODS

Early human milk (1-4 days post-partum) was collected by manual
expression, refrigerated and used within 4 hours. Cells and fat were removed
by two centrifugations (30-40 minutes at 31-39,000 x g). Peroxidase enzyme
activities (Fig. 1) were measured on the supernatants as described below. The
data shown in Fig. 3 were obtained from mature (1-5 months post-partum)
milk. For further analysis, five samples of early milk with high activities
were pooled and processed as follows. Casein was removed by adjusting the
pH to 4.2 with acetic acid and centrifuging (40 minutes at 39,000 x g).
Supernatant pH was adjusted to 7 with 1M NaOH, the solution was dialyzed
against 0.1 M phosphate buffer, pH 7.3, concentrated by ultrafiltration
(AMICON cell, YM10 membrane, and applied to a 2.5 x 15 cm column of
sulfopropyl (SP) Sephadex. The column was washed thoroughly with starting
buffer. In order to be certain that the column was not overloaded, these
fractions were pooled and reapplied to the SP-Sephadex column. Bound
material was eluted with a potassium phosphage gradient (0.1 - 1 M, pH 7.3).
The wash fractions from the SP-Sephadex column were pooled, dialyzed
against 2M sodium acetate, and applied to a Phenyl Sepharose C1-4B column
(2.5 x 10 cm). The column was thoroughly washed with 2M sodium acetate,
and adsorbed proteins eluted with a sodium acetate gradient (2.0M - 0.05M).
The purpose of this step was to separate MPO from other peroxidases. In
separate experiments, we have found that MPO is not eluted from the Phenyl
Sepharose C1-4B column under these conditions. Fractions from the central
portion of the elution peak containing peroxidase activity were pooled and
used in all subsequent experiments. The gradient fraction from the initial SP-
Sephadex elution was also applied to a Phenyl Sepharose column. Neither
the wash nor the gradient elution fractions from this step contained any
detectable peroxidase activity for Cl- or SCN-.

MPO, SPO, and LPO were purified and enzyme concentrations
determined spectrophotometrically as previously described’.8. Peroxidase
activities were measured with the ABTS, NBS-Cl, and NBS-SCN assays9. The
following equation10 was used for kinetic analyses:

[Elp [H202] [SCN-1] (1)
V=

[H207] + [SCN-1] (1 + K; [SCN-])
kq k1 ,
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Rate constants were estimated by fitting the initial rate data to equation(1)
using nonlinear regression analysis11.

Bacterial Studies

Escherichia coli X-15 was from stock at the University of Alabama at
Birmingham, Salmonella typhimurium his G46 was from Bruce N. Ames,
University of California, Berkeley, CA. Aliquots of 3 ml of mature human
milk were placed in sterile culture tubes. Various combinations of 0.1 ml each
of phosphate buffered saline (PBS) solutions of LPO, KSCN, and H2O> together
with aliquots of bacterial suspensions were added to each tube to give the
following initial concentrations: LPO, 5 ug/ml; KSCN, 3 mM; H202, and 3
mM. Tubes were placed on a rotary agitator and incubated at room
temperature (21-23°C) or 4°C. Aliquots of 0.1 ml were taken at appropriate
intervals, and 0.1 ml serial 10-fold dilutions in PBS were inoculated in
duplicate onto standard plate count agar (Difco). Bacteria were inoculated at 1
x 105 to 1 x 109 CFU/ml. Normal contaminants of collection (1 x 104 to 1 x 107
CFU) could readily be distinguished from the inoculated E. coli and S.
typhimurium by colonial morphology. Colonies were counted after
incubation (18 hours) at 37°C and the results expressed as colony-forming
units per ml (CFU/ml).

RESULTS AND DISCUSSION

Peroxidase Activity in Early Human Milk

We analyzed 27 milk samples from 21 different donors. The samples
contained variable amounts of peroxidase enzymes. We found the following
mean oxidation rates (mM donor oxidized/min): SCN-, 3.7 (range 0.4 - 9.0);
Cl-, 0.33 (range 0.04 - 1.0). The CI- results corresponded to a mean MPO
concentration of 6.5 pg/ml (range 0.7 - 21). Cell counts varied from non-
detectable to 2.4 x 107 cells/ml. PMN's varied from 30 to 95% of the total cell
count. Samples containing higher counts of PMN's tended to have higher
MPO concentrations, but the correlation was not statistically significant. All
samples contained MPO activity but the quantitative contribution of MPO to
the total peroxidase activity varied widely from sample to sample. MPO
activity alone did not account for the total peroxidase activity in any of the
samples. In Fig. 1, the SCN- oxidation rate is plotted against the Cl- oxidation
rate. The straight line is what would be observed with only MPO. All of the
milk samples fall above the line indicating the presence of other peroxidase
enzymes in addition to MPO. The mean peroxidase activity which was not
contributed by MPO was 44% (range 17-72).

Milk Fractionation

The total recovery of the peroxidase activity applied to the SP-Sephadex
column was 86% (Table 1). The distribution of the recovered peroxidase
activity was 83% in the wash fractions and 17% in the gradient fractions.
When a portion of the pooled wash fractions was reapplied and eluted from
SP-Sephadex, 72% of the applied activity was recovered in the wash fractions
and none in the gradient fractions. Wash fractions from the Phenyl
Sepharose column contained no peroxidase activity. The peroxidase activity
(83% of the total applied) appeared in the gradient fraction. No chloride
oxidizing activity was detected in any of the fractions from this column. The
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chloride oxidizing enzyme in the pooled sample showed kinetic properties
identical to those of MPO. The pooled colostrum and the wash 1 fraction
from the SP-Sephadex column had peroxidative activity toward both Cl- and
SCN-. However, the Gradient 1 fraction from Phenyl Sepharose did not
catalyze the oxidation of Cl. These procedures separated Cl- and SCN-
peroxidative activity, but they did not completely separate peroxidase
enzymes from other colostral components. The Phenyl Sepharose Gradient 1
fraction represented only a 6.6 fold purification.

The peroxidase enzyme which did not oxidize chloride had kinetic
properties which closely resembled SPO. We designate this enzyme as
human lactoperoxidase (HLP). Earlier results together with the data reported
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Figure 1. The SCN- oxidation rate as a function of the Cl- oxidation rate for
human milk samples and for MPO.

Table 1. Partial Purification of Human Lactoperoxidase (HLP)

Fraction Total %HLP HLP/ABS Fold

activity activity 280 nm  purification
(mM SCN-/min (%Recovery)

oxidized)

Pooled

colostrum 5.0 2.6 - - (=)

Whey 3.5 26.9 0.024 1 (100)

SP Sephadex-

wash 1 2.3 38.0 0.102 43 (86)

Phenyl

Sepharose

gradient 1 0.65 100 0.156 6.6 (83)
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methods used in the reports of MPO in human milk3.4, may not have been
sufficiently sensitive or selective to detect HLP. The methods used by
Langbakk and Flatmark56 would not have detected MPO in their colostral
samples because the MPO would not have appeared in the elution profile
from the Phenyl Sepharose columns. They apparently did not analyze the
washings from their anti-LPO affinity columns for peroxidase activity.
Therefore MPO which was not bound to these columns would have passed
through undetected prior to the step of eluting the bound LPO with glycine-
HCL

Steady State Kinetic Analyses

The data plotted in Fig. 2 show that all of the peroxidase enzymes are
inhibited by high concentrations of SCN- and that MPO is inhibited by high
concentration of Cl~. The curves for HLP and SPO have similar shapes with
maximum activity near 1 mM SCN. The maxima for LPO and MPO are
broader and occur near 2 mM SCN. The observations fit the predicted curves.

0% Y 0 ) 20 25 3.0
[SCN ] (mM)

Figure 2a. Rates of peroxidation of SCN- (pH=5.6). The Relative Rate =
observed rate (uM SCN! oxidized/min) divided by enzyme
concentration (nM) and by [H,07] (uM).

21 ° ®
MPO

§,..
[
s3] ff

1} 4 +

0 1 2 3
[CHLORIDE] (M)

Figure 2b. Rate of peroxidation of Cl- by human MPO (pH=7.0). Points are
actual observations. Lines are predicted curves based on fitting the
data to equation (1) by non-linear regression11.
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The rate constants for LPO and for SPO have been reported
previously10. For ki, the estimates (Table 2) were the same order of
magnitude for all of the enzymes. The kj for MPO is approx1mately twice the
values found for LPO and SPO as would be expected since MPO contains two
heme groups per molecule. However, the MPO k4 estimates were
significantly lower than those obtained for the other peroxidases while the
inhibition constant, Ki, was significantly higher for MPO. In order to obtain
the values shown for HLP, the spec1f1c ABTS activity for HLP was assumed to
be equal to that of SPO.

Our results show that human milk contains a peroxidase enzyme with
properties similar to those of SPO. Our work is consistent with other
reports5:6. We also found that MPO is an important contributor to the total
peroxidase activity in human milk confirming earlier observations3:4.

Table 2. Rate Constants for the Peroxidation of SCN-, pH=5.6
and Cl-, pH=7.0

Peroxidase  #OBS Kj (SD) K4 (SD) Ki (SD)
SCN-
(107 M-1s1) (106 M-1s'1) (102 M-1)

LPO 22 1.46 (0.05) 3.6(0.2) 1.10 (0.14)
HLP 12 1.55 (0.06) 8.1 (0.6) 1.61 (0.18)
MPO 17 2.04 (0.31) 0.76 (0.04) 6.54 (1.30)
SPO 24 1.09 (0.02) 6.86 (0.10) 1.50 (0.15)
_Cr_
MPO 24 0.059 (0.004)  0.021 (0.002) 0.11 (0.04)
g J
o-
UNTREATED
-14 E OOU
i - s. 'IYPHI—
g-zu
-31 3 M SCN™, 3 M Hg02, 8ug/mi LPO

Figure 3a. Growth of bacterial contaminants of collection and of inoculated
E. coli X-16 and S. typhimurium his G46 in mature human milk
(21-23°C) before and after addition of indicated substances. The
means of duplicate plate counts for each of 3 different samples of
milk are plotted. The bars indicate 1 standard deviation.
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Figure 3b. Calculated rates of peroxidation of SCN- and of CI-. The lines are
predicted curves based on the rate constants listed in Table 2 for
myeloperoxidase and on rate constants calculated at pH 7 for

salivary peroxidasel0.

Antibacterial Properties of Mature Human Milk

Peroxidase activity was undetectable in the milk of seven donors
collected 1 month or more post-partum. The data in Fig. 3 show that human
milk will support the growth of bacteria, but when it is supplemented with
bovine LPO, SCN-, and HO» both the normal contaminants of collection and
inoculated E. coli X-15 are killed. However, inoculated S. typhimurium his
G46 is unaffected. Addition of SCN- and H2O> alone had no significant effect
on bacterial growth. Our observations confirm that S. typhimurium his G46,
which has a relatively impermeable cell envelope, is resistant to the
lactoperoxidase system12.

One milk donor had completed antibiotic therapy for mastitis a week
before donation at 3 and 4 months post-partum. Her milk had an intrinsic
peroxidase activity equivalent to 10ug/ml LPO. At the time we collected this
milk, we had not developed the differential MPO/LPO assay so we are unable
to report the distribution of total activity between the two peroxidases in this
milk. However, this milk killed (data not shown) normal contaminants,
inoculated E. coliand inoculated S. typhimurium when supplemented only
with SCN- and H7O» to final concentrations of 3mM each. The bactericidal
effects were observed at room temperature and also at 4°C. Both species of
inoculated bacteria continued to grow over 48 hr in untreated samples of this
milk, while the CFU for both species continuously declined during this
period in the SCN- + H20> supplemented milk. It seems likely that the
peroxidase activity in this milk was due to MPO associated with elevation of
leukocytes as a result of the mastitis. The killing of the S. typhimurium in
this sample of milk as compared to the survival of these organisms in milk
containing no intrinsic peroxidase activity (but with LPO added to 5 pg/ml) is
difficult to explain. It is probably not a result generation of hypochlorite
(OCI") by MPO-catalyzed peroxidation of chloride. The rate constants listed in
Table 2 show that SCN- would compete very effectively with CI- for the
oxidizing equivalents of MPO Compound I and that OSCN- rather than OCI-
would be the dominant product.
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CONCLUSIONS

The Biological Significance of Human Milk Peroxidase. The data reported
here show that colostrum contains variable but significant levels of

peroxidase activity contributed both by MPO and by human lactoperoxidase.
Human milk also contains variable concentrations of thiocyanate2. Hydrogen
peroxide may be a normal product of oxidative metabolism in the mammary
gland. Thus, all of the components required to generate the antibacterial
product!3 OSCN- may be present. Whether the enzyme is present as HLP or
MPO, the curves in Fig. 2 and in the right panel of Fig. 3 show that OSCN-
will be the major product. Thus, it seems reasonable to speculate that in early
milk the peroxidase system serves an antibacterial function. It may also
function to protect the mammary gland from accumulation of toxic levels of
hydrogen peroxide. Such protective effects have been shown for other
mammalian cells14.15, However, these comments apply only to colostrum
and early milk, since mature milk from healthy donors contains little or no
peroxidase activity.
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LACTOFERRIN BINDING TO ITS INTESTINAL RECEPTOR

Bo Lonnerdal

Department of Nutrition
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INTRODUCTION

Lactoferrin was first discovered in bovine milk in 19391. It was later
found in high concentration in human milk?. Lactoferrin is a glycoprotein
with a molecular weight of 78,000 and has the capacity to bind two ferric ions
concomitant with bicarbonate or carbonate ions. The primary structure3 as
well as the glycan structure? have been documented and the tertiary structure
has been elucidated by X-ray crystallography®. The protein consists of two
lobes, each binding one iron atom and having one glycan; because of the
similarity between the two lobes, the molecule is believed to be the result of
an early gene duplication3. Lactoferrin is sometimes referred to as
lactotransferrin3.4. However, even if lactoferrin and transferrin have some
similar physicochemical properties, they are products of different genes and
their biological functions are different.

Although lactoferrin was found first in milk and is present in high
concentration in the milk from several species, it is also found in plasma,
tears, pancreatic fluid, bile, and urine6,7. Lactoferrin is also produced by
neutrophils8 and lymphocytes? and is known to be involved in phagocytotic
killing by macrophagesl0. The concentration of lactoferrin in human milk,
however, is considerably higher (1-5 mg/ml) than in other fluids, such as
serum (1 pg/ml). During lactation, lactoferrin levels decrease from initially
high levels in colostrum, but even after one year of lactation the
concentration is usually around 1 mg/milll. Maternal iron status may have
some effect on the concentration of lactoferrin in milkl12; however, this
possible correlation has received limited attention. Little is known about
other factors affecting milk lactoferrin levels, but nutritional status may have
some influence.

PHYSIOLOGICAL SIGNIFICANCE OF LACTOFERRIN

Considering the high levels of lactoferrin in milk of several species,
biological roles beyond that of a dietary protein (i.e., a source of amino acids)
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have been proposed. Early studies indicated that the iron saturation of
lactoferrin in human milk is relatively low and thus a role for lactoferrin in
bacteriostasis was proposed14. Subsequent experiments in vitro demonstrated
that apo-lactoferrin can inhibit the growth of several iron-dependent
pathogens, such as Escherichia coli, Vibro cholerae and Pseudomonas
aeroginosa, and that addition of iron to the medium abolishes the
bacteriostatic function of lactoferrinl5. Although it has been demonstrated
that only 1-4% of the iron-binding capacity of lactoferrin in human milk is
occupied16, there is little in vivo evidence for a bacteriostatic function of
lactoferrin.

A role for lactoferrin in gut iron metabolism has also been proposed.
The precise role of lactoferrin, however, is somewhat controversial; early
work suggested that lactoferrin could inhibit iron uptake by the mucosa and
therefore protects against iron overloadl7. Later, it was proposed that
lactoferrin facilitates iron absorption in infants, possibly via a receptor-
mediated mechanism!8. It has also been hypothesized that lactoferrin inhibits
iron absorption during early life, while iron released from digested lactoferrin
becomes available for absorption during late infancy!®. While absorption of
iron from digested lactoferrin cannot be excluded as a possible pathway for
iron, evidence has been gathered to support receptor-mediated iron uptake
from lactoferrin (see below).

It is known that human milk stimulates the growth and proliferation
of the mucosa in the small intestine, and that villous height is higher in
breast-fed than in formula-fed infants. These observations were indicative of
the presence of growth factors in human milk. Several such factors have now
been described, among them epidermal growth factor and insulin-like growth
factor20. Recently, studies on thymidine incorporation in rat crypt cells have
demonstrated an effect of human lactoferrin in this assay system2l. However,
these studies need to be extended further and are somewhat confusing because
rat milk does not contain lactoferrin22.

PASSAGE OF LACTOFERRIN THROUGH THE GASTROINTESTINAL
TRACT

In vitro digestion experiments demonstrated that the lactoferrin
molecule is relatively resistant against proteolysis23. Pepsin shows limited
capacity to cleave lactoferrin, particularly at the comparatively high pH that
exists in the intestinal tract of infants; trypsin cleavage results in larger
fragments of lactoferrin24. Consistent with these findings, Spik et al.25
reported that human milk lactoferrin added to formula can be found intact in
the stool of infants. Subsequently, it was shown that a significant proportion
of lactoferrin in human milk survives digestion in breast-fed infants and that
this proportion decreases with increasing age and degree of maturity26. Thus,
4-10% of milk lactoferrin escapes digestion in either intact form or as larger,
associated fragments27.28. This amount of lactoferrin is higher than that of
iron ingested during the same time period (on a molar basis) and would thus
be consistent with a role for lactoferrin in iron absorption. These studies
demonstrate that intact lactoferrin is present in the infant's gut and therefore
has the potential to perform any of the biological functions proposed. While
mucosal synthesis of lactoferrin, which was proposed to explain the presence
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of lactoferrin in the urine of breast-fed premature infants29, cannot be ruled
out at this stage, the finding of intact stable isotope-labeled human milk
lactoferrin in the urine of such infants30 clearly demonstrates that milk
lactoferrin can survive digestion and also pass through the mucosal barrier.

LACTOFERRIN RECEPTORS

The presence of intestinal lactoferrin receptors was first suggested by
Cox et al.31, who reported iron uptake by human adult duodenal biopsies
incubated with radiolabled human lactoferrin. Lactoferrin receptors had
previously been demonstrated on mouse peritoneal cells32 and subsequent
work has shown that human monocytes3334 and stimulated lymphocytes35
also display receptors for lactoferrin. Recently, some biochemical properties of
the monocyte receptor as well as the kinetics for lactoferrin uptake were
described35.

While searching for species with possible intestinal lactoferrin
receptors, it is logical to focus on those species that have lactoferrin in their
milk at a significant level. Such species are the human, rhesus monkey,
rabbit, mouse, and pig36. As a consequence, these are the species in which
most of this research has been performed.

Rhesus Monkey

The milk from rhesus monkeys contains lactoferrin at a relatively high
level and this lactoferrin has many biochemical properties similar to human
milk lactoferrin; in fact, the antibody to human lactoferrin cross-reacts with
rhesus lactoferrin and vice versa37. Preliminary studies suggested the
presence of lactoferrin receptors in the brush border membrane (BBM) of
infant rhesus small intestine38 and subsequent kinetic and competitive
binding-studies documented that there is a specific receptor for lactoferrin39.
This receptor recognizes human and rhesus lactoferrin, but not human
transferrin or bovine lactoferrin. The dissociation constant for the lactoferrin-
lactoferrin receptor complex is about 3 x 10-6M, which is similar to that
described for the macrophage33, but lower than that for transferrin and its
hepatocyte receptor, 10-8M40. The receptor is expressed in fetal tissue and
throughout adulthood, but the number of receptors per tissue weight is
highest during infancy39. Although some experiments suggested that the
glycan moiety of lactoferrin was needed for lactoferrin binding, subsequent
studies have shown that the fully deglycosylated form of lactoferrin binds
with an affinity similar to that of intact lactoferrin4l. It has also been shown
that lactoferrin can deliver manganese, but not zinc, to the receptor and that
less saturated forms of lactoferrin bind, although the affinity is higher towards
the fully iron-saturated form42. The receptor is also capable of binding the
larger, "half-lactoferrin”, fragment, but with lower affinity than that for intact
lactoferrin.

Mouse

The mouse is unique in that its milk contains high concentrations of
lactoferrin (~1 mg/ml) and transferrin (or "serotransferrin-like protein”, ~3
mg/ml)43. A brush-border membrane receptor that binds mouse milk
lactoferrin, but not the milk transferrin, has been described by Hu et al.44. The
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affinity constant for lactoferrin was 3.5 x 106 M-1 and human and bovine
lactoferrin bound with similar affinity (2.6 x 106 M-1). The number of binding
sites was 0.53 x 1012/pg of membrane protein and the pH optimum for binding
was 5.5. The detergent-solubilized receptor was capable of binding lactoferrin
and this capacity was subsequently utilized to isolate the receptor45. The
purified receptor had a molecular weight of 130 kDa and consisted of a single
polypeptide chain with a glycan of 25 kDa. A 1:1 ratio of lactoferrin to
lactoferrin receptor was suggested.

Human

The study on human duodenal biopsies by Cox et al.31 demonstrated
that iron can be delivered to the mucosa in a saturable manner. We have
recently characterized the kinetics for iron uptake by human infant brush
border membrane vesicles4l. The binding is saturable and specific; human
transferrin does not bind and, although minimal binding of bovine
lactoferrin occurred, this binding was found to be nonspecific. The receptor
has optimum binding at a pH of 6.5 to 7.5 and deglycosylated lactoferrin bound
with a similar affinity to that of intact lactoferrin. Using affinity
chromatography, the receptor was purified and characterized. It was found to
have a molecular weight of 114 kDa and consisted of single ~38 kDa subunit.
Each subunit contained a 4 kDa glycan. These results are somewhat similar to
the data from lactoferrin receptors on human mitogen-stimulated
lymphocytes46. These receptors have been reported to be two proteins of 100
and 110 kDa. Optimum pH for binding was between 6.5 and 7.5. A ratio of
1:2.5 for surface/intracellular receptors suggests that internalization of the
lactoferrin receptor occurs in this cell type. Similar information is not yet
available for human enterocytes.

Other Species

Rabbit milk contains lactoferrin, and Mazurier et al.47 has shown by
ligand-blotting that solubilized brush-border membranes bind human
lactoferrin with a binding affinity of 1.2 x 106 M-1. A molecular weight of ~100
kDa was reported and the receptor was found to require calcium for binding.
Iron absorption studies in the rat suggested that bovine lactoferrin stimulates
iron uptake in this species48. Although no lactoferrin receptor was found, it
was demonstrated that bovine lactoferrin can deliver iron to a brush border
membrane-receptor for rat milk transferrin22. Enhancement of iron uptake by
bovine lactoferrin in suckling piglets4? and the relatively high concentration
of lactoferrin in cow milk50 suggest the existence of a lactoferrin receptor in
this species.

CONCLUSIONS

The presence of specific lactoferrin receptors has now been established
in several species. Kinetics for lactoferrin binding and iron uptake have been
described and the receptor has been isolated and characterized in some species.
Further studies are needed to better characterize the function of lactoferrin
when bound to its receptor and the ultimate fate of the molecule at the
mucosal surface.
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FREE FATTY ACIDS AND MONOGLYCERIDES: ANTI-INFECTIVE AGENTS
PRODUCED DURING THE DIGESTION OF MILK FAT BY THE NEWBORN

Margit Hamosh

Division of Developmental Biology and Nutrition
Department of Pediatrics
Georgetown University Medical Center, Washington, D.C. 20007

INTRODUCTION

Milk provides immune as well as non-immune protection against
disease. Indeed, the newborn of many species receives maternal antibodies
through colostrum and milk. Milk provides, in addition, protection by means
of an array of components with antiviral, antibacterial, and antiprotozoan
action, such as lysozyme, lactoferrin, glycoproteins, cells, and lipidsl.

In this chapter, I would like to focus on the process of production of the
lipid components with anti-infective properties, namely the free fatty acids
and monoglycerides. Since these are products of hydrolysis of triglycerides, it
is important to review the nature and structure of milk lipids as well as the
process of fat digestion in the newborn. It is obvious that in order to have an
optimal effect, the anti-infective products of lipolysis would have to be
generated in the upper gastrointestinal tract to protect the stomach as well as
the intestine. Indeed, in this chapter, I will focus specifically on the role of the
stomach in the production of anti-infective lipids.

STRUCTURE AND COMPOSITION OF MILK LIPIDS

Human milk has a fat content of 3.0-4.0%; large individual variations
are however possible2. Because of insolubility in aqueous media, the fat in
milk is contained in specific structures, the milk fat globules. These consist of
a triglyceride core, that contains 98% of the fat in milk, and a membrane
composed of polar lipids (phospholipid and cholesterol) and proteins2. The
milk fat globules are among the largest structural components of milk, having
a diameter of 4um in mature milk3- The globule membrane is provided by the
plasma membrane of the mammary epithelial cells* and contains
glycoprotein filaments whose composition is unique for each woman5.
Furthermore, these glycoproteins are absent in the milk of other species such
as the cow, goat, or ratb. The size of milk fat globules changes both as a
function of length of lactation and length of gestation, colostrum having
smaller globules (especially in milk of women who deliver prematurely) than
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mature milk3. The more efficient packaging of triglyceride within the
globules during the progression from colostrum to mature milk results in the
need for less membrane and, thus, in a decrease of milk phospholipid and
cholesterol from about 1.2% to 0.4% of milk fat in colostrum and mature
milk, respectively”.

Table 1. Distribution of Fat in Human Milk

Colostrum Mature milk
Total fat (g/dl) 20-25 3.5-45
Phospholipid (% of total fat) 1.1 0.60
Cholesterol (% of total fat) 1.3 0.40
Triglyceride (% of total fat) 97.0 98 - 99
Fat globules (no/ml milk) 6 x 1010 1.1 x 1010
Fat globules (average diameter) 1.8 pm 4.0 pm
Surface area of fat/ml (m2) 0.097 0.054

Data adapted from Bitman et al.” and Ruegg & Blanc3. The fatty
acids with highest anti-infective activityl0 lauric, palmitoleic,
oleic, and linoleic amount to 5-7%, 2.5-4%, 33-35%, and 13-15% of
milk fat respectively’.

The triglyceride of human milk is its most variable component,
changing as a function of length of gestation, length of lactation, time of day,
duration of individual feeds, as well as maternal diet!. Type and amount of
dietary fat affect the composition of milk fat. Maternal diets low in fat and
high in carbohydrate lead to de novo synthesis of fatty acids within the
mammary gland, resulting in high concentrations of fatty acids < C16.
Therefore, although the total amount of fat remains in the normal range, the
fat is more saturated. Shifts in dietary practices of populations result in
changes in the fatty acid composition of human milk. For example, in the
United States, the increased consumption of vegetable oil led to an increase of
linoleic acid from approximately 8% in the 1960 - 1970's to 12 - 15% in the
1980's1.7. A similar increase in long chain polyunsaturated fatty acids such as
docosahexaenoic acid (C 22:6 w3) in human milk in the U.S. can be expected
as a result of the increased consumption of fish, rich in these fatty acids.

In addition to dietary effects, there seem to be intrinsic individual
differences in the mechanism of milk secretion that affect the concentration
of fat, some women secreting larger volumes of milk that contain lower
amounts of fat8. Fat amount and composition can also be affected by parity;
high parity (10+) is leading to markedly reduced capacity for de novo
synthesis of fatty acids in the mammary gland®. The composition of milk fat
and factors that affect it are listed in Tables 1 and 2.
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Table 2. Factors that Affect Milk Fat Content and Composition

Variable Change

Gestation LC-PUFA higher in preterm colostrum,
transitional milk

Lactation Phospholipid, cholesterol higher in
colostrum (preterm > term)

Parity P10+: Lower endogenous synthesis of FA
(C6-C16)

Volume High volume: lower fat concentration

Feed fat: fore < mid < hind milk

Diet (High CH) Increase in endogenous synthesis of FA (Cé6-
Cle)

(Lowcal) Increase in palmitic acid (C16) content

FA: fatty acids, CH: carbohydrate, LC-PUFA: long chain
polyunsaturated fatty acids

EVIDENCE OF ANTI-INFECTIVE ACTION OF LIPIDS

Kabaral0 has reviewed the antimicrobial effect of fatty acids, and cites
observations first made by Clark in 1899 (antifungal activity of soaps)
Reichenbach in 1908 (effects of fatty acids on E. coli) and Stock and Francis,
1943 (effects on viruses). Studies by a number of investigators have shown
that fatty acids and monoglycerides have antiprotozoan!1,12 antibacteriall3
and antiviral activity, specifically against lipid-enveloped viruses!3-16. This
topic will be addressed in greater detail in Dr. Isaacs' chapter. I have listed,
only briefly, the characteristics that confer this activity upon selected lipids
(Table 3)10. As recently shown by Isaacs et al.13, the formation of antiviral
lipid products is not limited to milk fat but occurs also during the gastric
digestion of formula fat.

Table 3. Properties that Determine Anti-infective Function of
Lipids

Structure: monoglyceride, free fatty acid

Saturated FA: C12 (lauric) > C10 or C14

Unsaturated FA: C18:2 (linoleic) > C18:1 or C18:3

Isomers: cis FA active, trans FA inactive (i.e. oleic +, elaidic -)
Reactive group?: acid > alcohol > aldehyde > dicarboxylic acid
Ester: monoglyceride active, di- and triglyceride inactive

Adapted from Kabaral0; a tested with lauric acid derivatives.
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DIGESTION OF MILK FAT BY THE NEWBORN

The digestion of milk fat is initiated in the stomach through the action
of lingual and gastric lipases17,18. These enzymes, the first secreted from
lingual serous glands!? and the second from the chief cells of the gastric
mucosa20, have an amino acid homology close to 80% and very similar
characteristics (Table 4). Fat digestion is then continued in the intestine by
pancreatic lipase and the milk's own digestive lipase. These two lipases have
similar characteristics, chief among them are absolute dependence upon bile
salts (CMC) and a pH optimum of 7.0-7.521,

Table 4. Characteristics for Optimal Activity of Digestive Lipase

Condition Lingual Gastric Pancreatic Milk
TG-site (Sn) Sn 3 Sn 3 Sn 1,3 Sn1,2,3
Product 1,2DG MG) 12DGMG) 2MG FFA
pH Optimum 2.2-6.0 3.5-6.5 6.5-8.0 7.0-8.5
Co-factors none none co-lipase none
Bile salts no no >CMC >CMC
Stability yes yes no yes
(pH2.5-3.0)

Protein Stimulation Stimulation Inhibition No effect
Hydrolysis of

milk fat yes yes no no

TG - triglyceride; Sn - stereospecific numbering
DG - diglyceride; MG - monoglyceride
CRC - critical micellar concentration

Initial hydrolysis of fat in the stomach is essential for optimal fat
digestion at all ages?2.23. This step is, however, of significantly greater
importance in the newborn because of endogenous and exogenous reasons.
The first is low pancreatic lipase activity in the newborn and especially the
preterm infant?4, while the second refers to the nature of the lipid digested,
milk fat globules being inaccessible to both pancreatic25, as well as milk
digestive lipase26. Lingual and gastric lipases can, however, penetrate into the
milk fat globule and initiate the hydrolysis of the core triglyceride. This step
is then followed by hydrolysis of fat by both pancreatic and milk digestive
lipases. Lingual and gastric lipases have specific characteristics!8, such as
hydrophobicity, inability to hydrolyze the ester bonds of phospholipids and
cholesterylesters, as well as stimulation of activity by dietary proteins, that
reduce interfacial pressure to the range optimal for these enzymes, thus
enabling them to penetrate through the milk fat globule membrane without
disrupting it27.

Quantitation of the products of lipolysis in the gastrointestinal tract of
adult rats, shows that large amounts of free fatty acids are released at all levels
of the GI tract, starting in the stomach (Table 5).
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Table 5. Free Fatty Acids Produced During Fat Digestion in the
Gastrointestinal Tract

Site Study #1 Study #2
Stomach 9.4+92 73+1.2
Duodenum 354+7.5 552+74
Jejunum 35.5+9.2

77.0 + 3.6
Ileum 716 + 114

Data are mean + SEM. The animals were fasted 48 hr prior to
gavage feeding of tri-3H-olein fat emulsion. Free fatty acids
represent 3H-oleic acid released (% of total fat) one hr after
gavage feeding. There were 5 animals in each study.

We have studied the hydrolysis of milk lipids in several species
including the human. Although it was previously thought that hydrolysis in
the stomach releases mainly short- and medium-chain fatty acids25, recent
studies show that long-chain unsaturated fatty acids are also preferentially

released27-29,

PRODUCTION OF FREE FATTY ACIDS WITH ANTI-INFECTIVE ACTIVITY
DURING GASTRIC LIPOLYSIS OF MILK OR FORMULA LIPIDS

In vitro studies?’ conducted under conditions that simulate the gastric
milieu, show that during the hydrolysis of human milk fat by lingual lipase
there is rapid release (within 10 min) of medium-chain fatty acids (C10 and
C12) followed by the release of long-chain unsaturated fatty acids (C18:1 and
C18:2) within (10-30 min) (Fig. 1). It is interesting that the fatty acids with
highest anti-infective activity are lauric (C12) and linoleic (C18:2). It seems,
therefore, that gastric lipolysis produces high levels of antiviral and
antibacterial free fatty acids from human milk. A marked increase in long-
chain unsaturated fatty acids (C18:1, C18:2, and C18:3) occurs also during
hydrolysis of formula triglyceride in the infant's stomach (Fig. 2)29. Studies
on the digestion of milk fat in suckling dogs (a species similar to the human
in that the milk contains digestive lipase30, high gastric lipase activity is
present at birth31 and the milk fat is composed mainly of long-chain fatty
acids32) show that within 60 min after gavage feeding of fresh milk as much
as 27 to 35% of the fat is present as free fatty acids (Table 6). The fatty acids
preferentially released were C18:1 and C18:2.

Our studies on fat digestion show, therefore, that the high level of
lipolysis in the stomach as well as the type of fatty acids preferentially released
are compatible with the production of anti-infective lipids in the first step of
the digestion of both milk and formula fat. Furthermore, while milk
digestive lipase can enhance the lipolytic process in the intestine, it is not
essential for the release of anti-infective fatty acids, a process carried out
efficiently by the infants' endogenous lingual and gastric lipases.

155



O]

S50t

O] MILK T6
404 E3 MILK FFA 10 min
I MILK FFA 30 min

30t

20t

| I

10:0 12:0 14:0 16:0 18:0 |6:I'18:I 18:2
FATTY RCID

FA (IVEIGHT PER CENT)
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Figure 2. Hydrolysis of long-chain triglyceride formula in the stomach of
premature infants. Gastric contents were aspirated for fatty acid
analysis, 15 min after gavage feeding. Data from Hamosh et al.29

Furthermore, as shown in Tables 4 and 6, while lipolysis in the stomach
produces measurable amounts of monoglyceride, in the intestine,
monoglycerides are produced only by pancreatic lipase whereas none are
formed during the action of milk digestive lipase.

The anti-infective effect of gastric lipolysis is known in a number of
species. Thus, scours or calf diarrhea, an often fatal disease, can be treated by
the administration of pregastric esterase33 an enzyme similar to gastric and
lingual lipases18. Indeed, scouring in calves is associated with rapid passage of
milk through the abomasum (stomach) without sufficient gastric digestion34.
The observation that the treatment of scouring was more effective when
pregastric esterase was given to milk-fed than to milk substitute-fed calves,
suggests that the products of lipolysis were the curative agent. Rabbits have a
potent gastric lipase35 leading to extensive lipolysis in the stomach36. In this
species, it was shown that the lipids from stomach contents of sucklings were
antibacterial and it was suggested that the products of lipolysis maintain the
sterility of the gastrointestinal tract3”. The gastric phase of fat digestion may
have a similar function in the newborn infant13.
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Table 6. Hydrolysis of Milk Fat in the Stomach of Suckling

Dogs
Products of Lipolysis (mol%)
Age Free fatty acids Diglyceride Monoglyceride
1wk 26.9 16.1 3.4
2 wks 352+6.3 222+24 39+09
4 wks 298 +29 199+13 39+07

Data are mean + SEM. At the three time periods studied, milk
fat contained 98% triglyceride, 0.1% diglyceride and no
monoglyceride or free fatty acids. Gastric contents were aspirated
60 min after gavage feeding of fresh dog milk. Data from
Iverson et al.32,

Hydrolysis of milk fat occurs during storage at -20°C (but not at
-70°C)38. Thus, considerable amounts of free fatty acids (up to 20% of milk
fat) could be present in stored human milk, conferring anti-infective
properties to milk kept at -20°C.

CONCLUSIONS

Anti-infective agents are produced in the stomach of the newborn
during the digestion of milk or formula fat. The free acids and
monoglycerides produced during intragastric lipolysis have antiviral,
antibacterial, and antiprotozoan activity.
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THE ROLE OF MILK-DERIVED ANTIMICROBIAL LIPIDS AS ANTIVIRAL
AND ANTIBACTERIAL AGENTS

Charles E. Isaacs! and Halldor Thormar?

1Department of Developmental Biochemistry, Institute for Basic
Research, Staten Island, NY 10314
2Institute of Biology, University of Iceland, Reykjavik, Iceland

INTRODUCTION

Milk lipids are not only nutrients but also non-immunoglobulin
protective factorsl-3. The lipids in human milk do not initially have
antimicrobial activity, but become antiviral?2, antibacterial4.5 and
antiprotozoal® in vitro following storage and in vivo following digestion in
the gastrointestinal tract of the milk-fed infant257. Microbial killing by milk
lipids is due primarily to free fatty acids (FFAs) and monoglycerides (MGs)
released from milk triglycerides by lipases and can be duplicated using
purified FFAs and MGs89.

Milk lipids are not unique in possessing antimicrobial activity. Human
epidermis-derived skin lipids, especially FFAs, have also been found to
inactivate Staphylococcus aureus10.11, The removal of skin lipids by acetone
extraction permitted added bacteria to persist on the skin of volunteers
whereas reapplication of the skin lipids inactivated the bacteria. The work of
Coonrod!2 showed that lung surfactant from humans, dogs, rats, and guinea
pigs contained FFAs that were bactericidal for pneumococci. The inhaled
pneumococci were killed extracellularly in rats providing further support for
the potential antimicrobial role of surfactant FFAs. Since surfactant-like
particles, which are biochemically similar to lung surfactant, have recently
been isolated from adult rat intestinel3, FFAs may have an antimicrobial
function in the intestine which is supplemented by milk in the suckling
neonate.

FFAs have also been found to have antimicrobial activity in 9 species of
brown algael4. Both gram-positive and gram-negative bacteria were
inactivated by the algal lipids. Additionally, in another study of Caribbean
marine algaeld, over 70% of the lipid extracts from approximately 100 algae
tested had antibacterial activity.

Lipid-dependent antimicrobial activity was thought to be absent from
infant formulas. However, we have shown? that the lipid fraction extracted
from the stomach contents of formula-fed infants inactivated herpes simplex
virus-1 (HSV-1) and bacteria as readily as the lipid fraction from milk stomach
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contents. Therefore, antimicrobial lipids do not necessarily require
interactions with other secretory protective factors to have a protective
function.

The results presented here provide further evidence that the milk lipid
fraction is made antimicrobial by the hydrolysis of milk triglycerides in vitro
and in vivo.

MATERIALS AND METHODS

Human milk samples were collected under sterile conditions, 1 to 5
months postpartum, and stored at -86°C. Vesicular stomatitis virus strain
Indiana and HSV-1 were grown in Vero cells and assayed as previously
described2. Milk samples were diluted 1:5 in maintenance medium with
approximately 105 TCIDsg of virus and incubated at 37°C for 30 min. The
difference between the titer (logig) of the control virus not incubated with
milk and the titers of milk-virus mixtures, i.e., the reduction of virus titer,
was used as a measure of antiviral activity. Human immunodeficiency virus-
1 (HIV-1) studies were performed by Dr. Linda Martin, Immunology Branch,
Centers for Disease Control, Atlanta, GA, as previously described!6. Stomach
contents samples were supplied by Dr. William C. Heird, Baylor College of
Medicine, Houston, TX, and Dr. Sudha Kashyap, Columbia University College
of Physicians and Surgeons, New York, NY, after informed consent was
obtained.

RESULTS

Studies have shown an association between the appearance of lipid-
dependent antiviral activity and the enzyme activity of lipoprotein lipase
(LPL) but not bile salt-stimulated lipase (BSSL) in human milk2. Results with
heat-treated milk (Table 1) also suggest that enzyme activity is required for the
initiation of antiviral activity since heating the milk before storage but not
after storage at 4°C prevented the appearance of antimicrobial activity.
Additionally, when purified LPL was added to milk and colostrum samples
(Table 2) they became antiviral in less time than in the absence of added
enzyme.

Table 1. Reduction in VSV Titer (Logip) by Milk Heated at
100°C Before or After Storage at 4°C

Heated at 100°C

for 10 min
Milk Not
sample heated After storage Before storage
1 >35 >3.5 0
2 >4.5 >4.5 0
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Table 2. Reduction in VSV Titer (Log19) by Human Milk Stored
at 23°C for 3 Days with or without LPL2

Milk sample With LPL Without LPL
Milk >35 0
Milk >35 0
Colostrum >3.5 0

a purified LPL was added at a concentration of 200 units/ml.

The data presented in Table 3 show that when eserine and sodium
chloride, both of which inhibit BSSL and LPL, are added to human milk
antimicrobial activity is not present. Rabbit serum which stimulates LPL but
inhibits BSSL also prevents antimicrobial activityl”?. The addition of bile salts,
which stimulate BSSL and inhibit LPL17 (Table 4) to milk and colostrum
samples produced a more rapid appearance of antiviral activity in milk
following 3 days of storage. In colostrum, antiviral activity was only found
when sodium cholate was present.

Antiviral and antibacterial activity was found in the stomach contents
of milk-fed infants 3 h after feeding (Table 5). Viral and bacterial inactivation
by the stomach contents was comparable to that found in stored human milk.
When milk and stomach contents samples from milk-fed infants were tested
against HIV (Table 6) 3.0-5.0 log1g of HIV killing was found.

Table 3. Effect of Lipase Inhibitors on the Appearance of
Antiviral Activity in Human Milk

Stored Stored in the presence of
without 50mM 10% rabbit
Milk sample inhibitors IM NaCl eserine serum
1 > 3.5* 0a 0 0
2 >3.5 0 0 0
3 >3.5 n.d.b 0 0

a  reduction in VSV titer (log10) by milk
b not done
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Table 4. Reduction in Virus Titer (Logip) by Human Milk
Stored at 23°C with or without Sodium Cholate?/b

Milk Days of Sodium cholate
sample storage + -
Milk 3 >3.5 1.0
9 >35 >3.5
Colostrum 4 >35 0
10 >3.5 0

a VSV was the test virus
b sodium cholate was added at a concentration of 1 mM

DISCUSSION

The data presented here provide further evidence that the initiation of
lipid-dependent antiviral activity in milk is dependent upon lipase activity.
In fact, addition of purified LPL to milk before storage can reduce the time
required for the appearance of antiviral activity. Results with rabbit serum
suggest that a minimum concentration of LPL is required to initiate
hydrolysis of triglycerides in stored human milk but that BSSL is also
required to produce antiviral concentration of fatty acids and monoglycerides.
Experiments with bile salts which activate BSSL and inhibit LPL showed that
increased BSSL activity can reduce the time required for milk lipids to become
antiviral and can increase the concentration of antiviral lipids. The
experiments with lipase inhibitors, lipase activators, and the stomach
contents from milk-fed infants indicate that any lipase that release fatty acids
and monoglycerides from milk triglycerides, either during storage or in the
gastrointestinal tract, will make the milk lipid fraction antimicrobial. This
includes not only LPL and BSSL but also lingual and gastric lipases18.

Table 5. Antiviral and Antibacterial Activity of Human Milk
Stomach Contents at 3 h After Feeding?

Log1o reduction Log1p reduction in bacterial concentration

in HSV-1 titer S. epidermidis  E. coli S. enteritidis
>4.0 >5.0 >4.0 >4.0
>43 >4.0 >5.0 >5.0

a milk samples themselves were all tested for antiviral and
antibacterial activity and none was detected
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Antiviral human milk and milk stomach contents inactivated HIV as
readily as any other enveloped virus. Since significant levels of HIV have
been found in non-cellular milk fractions!?, milk lipids released in the
infants gastrointestinal tract could protect against HIV transmission by
breastfeeding. Instances of HIV transmission by breastfeeding?? most likely
result from HIV that is carried intracellularly in milk lymphocytes and
macrophages. This is certainly possible since maternal leukocytes fed to
newborn lambs can migrate to the circulatory system2! and bovine leukocytes
penetrate the intestinal wall of newborn rabbits after feeding?2. Additionally,
cytomegalovirus, another enveloped virus pathogen, is primarily carried by
polymorphonuclear leukocytes which are present in blood, human milk, and
colostrum?23,

Table 6. HIV Inactivation by Antiviral Human Milk and Milk
Stomach Contents

Reduction of HIV

Sample Storage titer (log10)
1 Fresh 0
1 4°C 5.0
2 Fresh 0
2 4°C 5.0
3 Fresh 0
3 4°C 3.5
4 Fresh 0
4 Stomach contents2 3.0

astomach contents were collected 3 h after feeding

Dietary manipulation has been found to alter the composition of FFAs
in human24 and rat25 milk. In both instances, long-chain, unsaturated FFAs
were replaced by medium-chain, saturated FFAs or vice versa. However, the
antimicrobial activity of FFAs and MGs is additive> and consequently it is the
total concentration of antimicrobial lipids in milk that is critical for
inactivating enveloped viruses and other pathogens. Since we have
previously shown that both medium-chain, saturated and long-chain,
unsaturated FFAs can inactivate enveloped viruses8, dietary-induced changes
in milk lipid composition should not decrease lipid-dependent antimicrobial
activity.

Enveloped viruses have a greater susceptibility to inactivation by
antimicrobial FFAs and MGs? than bacteria. To have a broad range of
bacterial inactivation, a mixture of antimicrobial lipids is required that is
comprised of FFAs and MGs varying in chain length and saturation as
different bacteria are sensitive to different lipids®. Since FFAs and MGs are
potentially easier to acquire and manipulate than other milk protective
factors, it may be possible to increase the antibacterial activity in milk by
adding particular lipids to banked human milk before feeding. This would
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produce a "fortified" milk as has been done previously with the skim milk
and cream fractions of human milk26. Antimicrobial lipids can provide
protection against pathogens for which the neonate has not yet acquired
antibodies and further studies of their antimicrobial potential are warranted.

CONCLUSIONS

Lipids appear to have an antimicrobial function at secretory surfaces
including lung, skin, and intestine. Milk lipids can inactivate a number of
enveloped viruses and bacteria including HIV. Lipid-dependent
antimicrobial activity is initiated by the release of FFAs and MGs from milk
triglycerides. Both LPL and BSSL in human milk and lipases present in the
gastrointestinal tract of milk-fed infants can make the milk lipid fraction
antimicrobial. FFAs and MGs which are antimicrobial can be manipulated to
broaden and maximize lipid-dependent antimicrobial activity in human milk
against specific pathogens.
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INTRODUCTION

The protection of offspring from infection is a key not only for the
survival of the individual, but also of the species. @A number of
complementary and partially overlapping mechanisms have evolved to
minimize the loss of even (the) a single defense mechanism that would leave
the infant unprotected. Both innate (non-immune) and specific immune
factors participate in such protection.

The term bacterial adherence denotes the binding of bacteria to mucosal
surfaces. This mechanical association is a means for the organism to resist
elimination by the body fluids, and to establish a population at the site where
relevant receptors are expressed. Mechanisms of attachment that have been
identified involve highly specific interactionsl. The bacterial ligands,
commonly called adhesins, bind to host receptors. For gram-negative bacteria,
the adhesins are commonly associated with pili or fimbriae, rigid surface
organelles that help bacteria reach the appropriate receptor on the complex
cell surface. The fimbriae function as lectins; they show specificity for receptor
epitopes provided by the oligosaccharide sequences on host glycoconjugates?.
For gram-positive bacteria, on the other hand, the adhesins are not expressed
as a surface organelle, but rather linked to cell wall components and
lipoteichoic acids34. The receptor epitopes for gram-positive bacteria may
consist of oligosaccharide sequences, but can also be provided by peptides,
analogous to connective tissue proteins5-7.

The functional consequences of adherence depend on the virulence of
the bacterial strain and on the form of the receptor. When cell-associated, the
ligand-receptor interaction facilitates colonization and tissue attack8. When
secreted, the receptor molecule will occupy the adhesins, and competitively
inhibit attachment to the corresponding cell-bound receptorl. Human milk is
a rich source of such competing soluble receptor molecules. We have focused
on one aspect of the anti-bacterial activity in human milk - the components
inhibiting bacterial adherence. This review illustrates the complementary
functions of the specific immunity and accessory antibacterial molecules, and
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summarizes information on mechanisms of molecules with anti-adhesive
activity against Escherichia coli, Streptococcus pneumoniae, and
Haemophilus influenzae.

ANTI-ADHESIVE ACTIVITY OF SECRETORY IgA

Specific Antibody Activity

The ability of specific antibodies to inhibit attachment is well
established. This was first demonstrated for Vibrio cholera and oral
streptococci®10. The anti-adhesive antibodies may act in either of two ways:
1) antibodies to the receptor-binding site of the adhesin competitively inhibit
receptor interaction, or 2) antibodies to bacterial surface molecules that are not
directly involved in adherence may agglutinate the bacteria, and thereby
reduce the number of organisms available for binding. An example of these
two mechanisms is provided by the immune response to bacterial fimbriae.
The majority of antibodies elicited by natural exposure to fimbriated bacteria is
directed against the antigenically variable fimbrial subunit protein and does
not interfere with attachment, except by specific means (??). A minor fraction
of antibodies are directed against the receptor-binding lectin and when
purified, such antibodies block adherence.11-14.

In either of the above cases, the anti-adhesive activity of the antibody is
attributed to the specificity of the antigen-combining site. We have recently
identified an alternative mechanism of interaction between secretory IgA and
E. coli based on lectin-carbohydrate interactions.

IgA as a Soluble Receptor for Bacterial Adhesins

The immunoglobulins are glycoproteins, with oligosaccharide
sequences attached to the heavy and infrequently to the light chains. These
oligosaccharides provide the basis for interactions with bacterial lectins,
depending on the sequences in individual isotypes/allotypes. Type 1 fimbriae
of Enterobactericeae are defined by the capacity to induce mannose-reversible
binding to erythrocytes, polymorphonuclear leukocytes, and epithelial cells15.

Based on the reported mannose-content of IgAl6, we analyzed the
possible carbohydrate dependent interaction between E. coli type fimbriae and
IgAl7. The type 1-fimbriated E. coli agglutinated colostral IgA, with a higher
titre for IgA2 than IgA1. The agglutination was strong for the strains
expressing type 1 fimbriae and not for isogenic strains with similar surface
antigenicity but expressing adhesins specific for the Gala1-4Galg-disaccharide.
The agglutination was inhibited by mannose. This suggested that the bacterial
agglutination reaction was due to lectin-carbohydrate interactions rather than
antigen recognition. This finding was confirmed using IgA2 and IgAl
myeloma proteins that lacked specific antibody activity against E. coli.

The oligosaccharide sequences responsible for the interaction with type
1 fimbriae were identified by carbohydrate sequence analysis of myeloma
proteins. The IgA2 myeloma proteinl? that gave the highest agglutination
titre with type 1-fimbriated strains was rich in high-mannose oligosaccharides.
In contrast, the concentration of such oligosaccharides was low in the less
active IgA1 myeloma proteins.

The functional consequences of this interaction are open to speculation.
DNA sequences encoding type 1-fimbriae are constitutive among E. coli.
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Expression of type 1 fimbriae is frequent, regardless of the virulence or clinical
origin of the strain. We have proposed that the main function of the type 1
fimbriae is to enhance the colonization of the large intestine. Consistent with
this, type 1 fimbriated strains bind avidly to human colonic epithelial cells in
a mannose-reversible manner. It is interesting to note that milk is rich in
IgA1 and IgA2, both of which interacted with the type 1 fimbriae.
Furthermore, the large intestine is the site rich in IgA2-producing cells as well
as the natural colonization site for type 1-fimbriated organisms. We have
demonstrated that the attachment to epithelial cells, mediated by type 1
fimbriae, can be blocked by the myeloma IgA2 as well as by the colostral IgA in
a mannose-specific manner. Thus, the lectin-mediated interaction thus
provides a mechanism for IgA to be broadly protective regardless of the
antigen-specificity of the immunoglobulin molecule (reviewed in 17,18).

NON-IMMUNOGLOBULIN MILK COMPONENTS INHIBITING
BACTERIAL ATTACHMENT

Human milk drastically inhibits the attachment of S. pneumoniae and
H. influenzae to human nasopharyngeal epithelial cells. It contains
antibodies to numerous surface antigens on these organisms, such as the
phosphoryl choline and capsular polysaccharides of S. pneumoniae, and the
lipopolysaccharide and outer membrane proteins of H. influenzae.
Accordingly, some of the anti-adhesive activity in milk resides in the
immunoglobulin fraction. Removal of the secretory IgA antibodies by
immunoabsorption reduced the inhibition effect by about 30%19.

The remaining anti-adhesive activity in the non-immunoglobulin
fraction of milk was associated with two types of molecules: free
oligosaccharides and glycoproteins in the casein fraction.

Human milk is unique with regard to its content of complex
carbohydrates. The free oligosaccharide fraction of milk is dominated by the
lactoseries and with improved methods of isolation and characterization,
more than 130 oligosaccharides, containing up to about 20 monosaccharides
per molecule, have been identified20-22.

The anti-adhesive activity against S. pneumoniae in the low-molecular
weight fraction (<5 kDa) of milk was explained by the free oligosaccharides. In
contrast there was no such effect against H. influenzae?3.

The anti-adhesive activity of the high-molecular weight components of
milk was found in the casein fraction. Human casein drastically reduced the
adherence of both S. pneumoniae and H. influenzae?3. This effect was
species-specific; bovine, goat, sheep, and buffalo milk and casein had no
inhibitory activity.

The casein fraction is a complex mixture of protein in micellar form, fat
and carbohydrates, with Ca2+ ions24.25. We tested the hypothesis that the anti-
adhesive activity against S. pneumoniae was due to the carriage by
glycosylated k-casein of the same oligosaccharide sequences that were found to
be active in unbound form. Indeed, purified x-casein retained the anti-
adhesive activity against S. pneumoniae of the whole casein. The
oligosaccharides released from x-casein by sodium borohydride reduction also
inhibited pneumococcal attachment. The active oligosaccharide structures
remain to be identified.
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The inhibitory activity against H. influenzae attachment showed a
different pattern. Some of the inhibitory activity was retained in the x-casein
fraction, but the released oligosaccharides had no activity23.

PROTECTIVE POTENTIAL OF ANTI-ADHESIVE MOLECULES IN MILK

The protective potential of anti-adhesive molecules has not been
defined in man. Induction of anti-adhesive immunity through vaccination is
common in veterinary praxis, based on the elegant studies of neonatal
diarrhea in piglets infected with E. coli carrying the K88 adhesin?26.

Breastfeeding protects against infection by reducing the exposure to
microorganisms and by the anti-microbial action of many components. To
date, there are few studies that define the relative contribution of the anti-
microbial and social factors to protection.

The presence of anti-adhesive molecules in human milk provides a
model to examine this question. We have approached the problem in two
ways:

1. Prospective study of breast-fed and non-breast fed babies.
Collection of milk and bacteria from individual mother-child pairs.
Correlations of anti-adhesive activities in each milk sample with
clinical outcome measured as nasopharyngeal colonization and the
frequency of otitis media.

This protocol suffers from the same shortcoming as many previous
studies that try to assess the protective effect of milk. The breast-fed and
non-breast-fed group are bound to differ, not only in the intake of milk
but also in exposure to microorganisms secondary to social differences
between the breast-fed and non-breast-fed groups. Only qualitative
differences related to the anti-adhesive activity of milk within the
breast-fed group would support the hypothesis.

2. Intervention study.

We propose to evaluate the protective effect of milk in weaned
children with recurrent otitis media. These children would
prophylactically receive breast milk with high anti-bacterial activity
during six months, and the frequency of recurrent acute otitis media
episodes will be compared to placebo controls. We hope that this
protocol will demonstrate a protective effect of the milk, and serve as
an incentive for the isolation and use of milk components in patients
other than the breast-fed infants.
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INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) has been recently
recognized as a cause of nonbloody diarrhea, hemorrhagic colitis, and
hemolytic-uremic syndromel. These bacteria produce high amounts of
cytotoxins and also adhere to the intestinal tract and cause mucosal damage.
The nature of the intestinal receptor to EHEC is still unclear.

Bacterial adherence to epithelial surfaces has been intensively studied
and recognized as an important prerequisite for infection23. Attachment to
the intestinal mucosa enables bacteria to resist expulsion by the peristaltic
clearing mechanism, with colonization and subsequent enteric disease.
Adherence is usually mediated by binding of bacterial surface proteins, that
are often called adhesins, to intestinal receptors. These receptors are usually
sugar residues on cell surface glycoproteins or glycolipids. Certain
carbohydrates can therefore competitively inhibit the binding of some
bacteria24.5.

Since human milk is rich in free oligosaccharides, glycoproteins and
glycolipids®, we examined the hypothesis that receptor analogues in human
milk may interfere with the adherence of EHEC to the gut and protect against
infection. Identification of such competitive, protective compounds may
clarify the intestinal receptor of these bacteria.

MATERIALS AND METHODS

Bacteria

Ten E. coli isolates from children with diarrhea, hemorrhagic colitis or
hemolytic-uremic syndrome were initially evaluated. The strains were
serotyped and cytotoxin production was quantitatively determined by a
radiolabeled HeLa cell assay’. The type of toxin produced was determined by
neutralization with specific antibodies and DNA hybridization studies. For
the adherence assays, bacteria were labeled by [3H]thymidine.
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Human Milk and Colostrum Specimens

Pooled human milk and colostrum were obtained and the initial
skimmed fraction was prepared by centrifugation to separate it from the fatty
and cellular layers, as described8. Further processing of the milk included:
preparation of fractions with defined molecular weight ranges by Amicon
membranes; pretreatments with heating, trypsin, periodate, and alpha-
mannosidase; preparation of oligosaccharides and protein fractions; and
passing the fractions through a concanavalin A column?8.

Isolation of Intestinal Cells

Viable rabbit intestinal cells were obtained by treating loops of distal
ileum or proximal colon with solutions containing EDTA, dithiothreitol and
citrate, as described3?. The viability of the intestinal cells was monitored by
trypan blue exclusion.

Bacterial Adherence to Intestinal Cells

Radiolabeled bacteria (0.1 ml, 6x109 bacteria/ml) were incubated with
intestinal cells (0.2 ml, 107 cells/ml) essentially as described®. The reaction was
terminated by adding saline and centrifugation to sediment the epithelial
cells. Intestinal cells with bound bacteria were then separated from unbound
bacteria by a Percoll density gradient and counted for radioactivity. Adherence
was expressed as average bacteria that bound per intestinal cell. For the
inhibition studies, bacteria were preincubated (30 min) with carbohydrates or
human milk fractions, and the assay was then completed as described above.

Scanning Electron Microscopy

Sections of exposed intestinal mucosa were incubated with bacteria (45
min) and then washed. The tissue was then fixed, processed, and examined
with a scanning electron microscope.

RESULTS

Adherence to Intestinal Cells

All 10 EHEC isolates produced high levels of cytotoxins. Of these, E. coli
strain 43-12 showed distinctly higher binding of 36 and 32 bacteria per cell to
ileal and colonic cells, respectively. Scanning electron microscopy confirmed
the avid binding of this pathogen to the brush border surface of the intestine.

Further studies were conducted with this strain. To partially define the
intestinal receptor that is involved, the effect of preincubating the bacteria
with various carbohydrates was studied. It is found that D-mannose and
alpha-methyl-mannoside caused about 50% inhibition in the binding and L-
fucose about 20% inhibition. Other carbohydrates, including glucose, galactose
and lactose, had no significant inhibitory activity.

Effect of Human Milk on Adherence
Preincubation of E. coli 43-12 with skimmed milk and colostrum caused
about 40% inhibition of the binding to both ileal and colonic cells (Table 1).
When the skimmed human milk was passed through an Amicon
membrane of 100 kDa, the inhibitory activity was retained in the fraction of
less than 100 kDa. This fraction did not contain immunoglobulins, so that
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Table 1. The Effect of Skimmed Human Milk and
Colostrum on the Adherence of E. Coli 43-12

Adherence (bacteria/cell)*

Fraction Ileum Colon
Control (PBS) 33+7 29 +5
Human milk 21+6 15+5
Human colostrum 16 + 4 16 +4
*Mean + SD

the inhibition was not mediated by antibodies. Further delineation showed

that the activity was in the 30 to 100 kDa fraction.

To define the protective activity better, further fractionation of the
milk was performed. The oligosaccharide fraction did not show significant
protective activity. Because the adherence was significantly inhibited by
mannose residues, the protective protein fraction was passed through a
Concanavalin A column. The non-bound fraction did not have a protective
activity; the bound fraction, which was eluted by methylmannoside, retained
the activity. Thus, mannosilated glycoproteins seem to be the compound
that inhibited the adherence.

Additional pretreatment studies showed that boiling or treatment with
trypsin did not have a significant effect on the inhibitory activity (Table 2). In
contrast, treatment with periodate or alpha-mannosidase reduced the
inhibition to 17% and 25% of the original activity, respectively.

Dose-response studies showed a "bell-shaped curve". The inhibitory
activity was reduced by lowering the concentration of human milk fraction.
At concentrations higher than the optimal, the inhibitory activity was
reduced, maybe as a result of producing aggregates of bacteria.

Table 2. The Effect of Several Pretreatments on the
Inhibitory Activity of Human Milk

Pretreatment % of Original inhibition
Control 100+ 5

Heating 97+ 6

Trypsin 103 +5
Alpha-mannosidase 26+9
Periodate 17+9

*Mean + SD
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DISCUSSION

Several studies have shown that breastfeeding can protect against
enteric infections10-12. The protective activity of human milk is usually
attributed to its high content of secretory immunoglobulins!3. However,
immune-related activity depends on exposure of the mother to the infectious
microorganism and may be of limited importance in developed countries!4.

This study demonstrates another mechanism by which human milk
can inhibit the attachment of enteric pathogens to the gut: receptor analogues
in milk can be competitive inhibitors of such binding. In the present study,
the effect of human milk on the adherence of EHEC was studied. The binding
of E. coli 43-12, the most adherent strain, was inhibited by skimmed human
milk and colostrum. The inhibition was related to mannosilated residues in
the glycoprotein fraction of human milk. Previous studies have shown
similar activity of human milk against other groups of diarrheagenic E.
coli814,15,

Further characterization and purification of human milk compounds
which mediate the inhibitory activity are needed. It is also currently unclear
if this activity differs among milk specimens of different individuals or socio-
economic groups or during lactation. Also, the biologic role of this in vitro
inhibitory activity is unknown. Experimental models, in which the receptor-
like activity is separated from the antibody-mediated activity, may be helpful.

Although many questions require study, it seems that carbohydrate
residues in human milk may act as receptor analogues and inhibit the
binding of enteric pathogens to the gut. Characterization of these analogues
will also help to clarify the natural intestinal receptors of enteric pathogens.
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INTRODUCTION

Research in our laboratories is focused on the roles played by intestinal
epithelial cells in the secretory immune response to enteric pathogens. One of
our goals is to generate and characterize specific IgA antibodies that can
prevent interaction of pathogens with epithelial surfaces. It is now generally
recognized that microorganisms and macromolecules that can adhere to
epithelial cells are most effective in eliciting specific secretory IgA
antibodies1.2, presumably because adherent immunogens are most efficiently
endocytosed and transported across the epithelium. Adherence to the M cells
of follicle-associated epithelia is probably crucial in this regard, since
transepithelial delivery of antigens by these cells may be a prerequisite for a
mucosal immune response3-3.

Although there is little information available concerning the
molecular composition of M cell apical membranes, it is clear that membrane
glycoproteins and glycolipids of the M cell surface are readily accessible to
lumenal contents and that the glycocalyx on these cells is unlike the enzyme-
rich glycocalyx present on enterocytes46. Certain gram-negative bacteria such
as Vibrio cholerae adhere selectively to M cell surfaces?, are transcytosed, and
evoke a strong mucosal immune response including production of secretory
IgA antibodies (S-IgA)) directed against bacterial surface antigens8-10. In
addition, we have observed that the M cell surface is particularly accessible for
binding of particles coated with cholera toxin (CT), a molecule that is highly
immunogenic in the mucosal system!l.

Certain viruses also bind selectively to M cell surfaces and use the M
cell transepithelial transport pathway to invade the host and spread to their
target cells or distant tissue sites. For example, reovirus in the mouse
intestine adheres to M cells and is transported only at this site!2; the virus
then proliferates in the mucosa bafore spreading to the central nervous
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system13. Poliovirus also adheres to human M cells, and it may be M cell
transport that allows it to reach and infect its neuronal target cellsl4. We
recently found that mouse mammary tumor virus (MMTYV), a cancer-causing
retrovirus ingested by neonates in the milk of infected mothers, also can gain
access to the body by crossing the epithelium via M cell transport in mice.
Finally, we have observed adherence and transport of HIV-1 by rabbit and
mouse M cells. The M cell membrane components and the viral or bacterial
surface molecules that mediate these interactions are unknown.
Furthermore, it is not established whether any of these interactions, including
bacterial colonization, viral adherence, and transepithelial transport, can be
prevented by S-IgA antibodies alone in the absence of other immune
protection mechanisms.

METHODS AND RESULTS

To better understand the role of S-IgA in preventing microbial
adherence, uptake and disease, we have generated monoclonal IgA antibodies
directed against surface components of bacterial and viral pathogens that are
known to be transported by M cells. Mice were mucosally-immunized by
gastric intubation or intra-luminal injection of MMTYV, reovirus type 1 or
Vibrio cholerae Ogawa 395. Hybridomas were generated by fusion of Peyer's
patch cells with myeloma cells, and hybridomas secreting pathogen-specific
antibodies of the IgA class were identified by ELISA!5. The antigen
specificities of the monoclonal IgA antibodies, as determined by
immunoprecipitation and Western blots, indicated the major surface
components of each organism that were effective immunogens in the
mucosal system. These included the reovirus surface proteins sigma 3 and
mulc, the major MMTV envelope glycoprotein gp5215, and on Vibrio
cholerae, the serotype-specific O-linked carbohydrates of surface
lipopolysaccharide (LPS)16.

All of the IgA hybridomas generated so far produce IgA antibodies in
the expected ratio of monomers, dimers, and higher polymers, and the major
fraction in most cases is dimericl5. These antibodies are recognized by
epithelial polymeric immunoglobulin receptors, as evidenced by the rapid
delivery of radiolabeled S-IgA into bile following intravenous injection of
radiolabeled monoclonal IgA in rats. It is important to note that the
monoclonal anti-reovirus sigma 3 and anti-mulc antibodies were non-
neutralizing, i.e. they failed to prevent L cell infection in vitro. The anti-LPS
monoclonal antibodies recognized a surface-exposed component on intact V.
cholerae as shown by immunofluorescence and immunogold labeling, but
antibody-coated live vibrios remained motile for long periods. Thus, the IgA
antibodies tested for protection in vivo were capable of agglutinating viral and
bacterial targets in vitro, but were non-neutralizing.

To assess the protective capacity of individual monoclonal IgA
antibodies in vivo, we sought an assay system in which specific antibodies
would be delivered onto mucosal surfaces in a continuous fashion, and
would have the same distribution in the lumen as does normal, endogenous
S-IgA. Hybridoma cells were therefore injected subcutaneously on the upper
backs of adult BALB/c mice, and hybridoma "backpack" tumors formed at
these sites over the course of 1 to 2 weeks. As the tumors grew, IgA levels in
serum rose and this was accompanied by rising levels of specific IgA in the
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intestinal lumenl6. This indicated that IgA derived from the backpack tumors
was delivered into bile and intestinal secretions via the normal epithelial
receptor-mediated transport mechanism17.

Adult mice are resistant to V. cholerae colonization and disease, but
neonates are highly susceptible up to 7-8 days!8. Therefore, newborn mice
were injected subcutaneously with hybridoma cells on the day of birth, and
were challenged orally with 107 V. cholerae (over 100.ps0) on days 6 to 8. This
dose resulted in death of 100% of control mice within 40 hours. Mice with
backpack tumors secreting IgA specific for Ogawa LPS were healthy after 40
hours, whereas mice with the same anti-LPS tumors were not protected when
challenged with a virulent Inaba strain of a non cross-reacting serotypel6.
Control mice bearing irrelevant anti-reovirus IgA tumors or no tumors were
also unprotected and died within 40 hours. Thus, secretion of specific S-IgA
appears to have prevented the mucosal surface colonization that is a
prerequisite to toxin production and diarrheal diseasel9.

To test whether monoclonal S-IgA can prevent uptake of reovirus by M
cells and infection of the Peyer's patch mucosa, adult mice bearing hybridoma
tumors secreting anti-mulc, anti-sigma 3, or irrelevant (anti-TNP) IgA
antibodies were challenged with an oral dose of reovirus that is sufficient to
produce a consistently high number of plaque-forming units (PFU) in the
Peyer's patch mucosa after 24 hours. Mice secreting anti-sigma 3 IgA had the
same level of mucosal reovirus as did control mice bearing anti-TNP IgA
tumors, and therefore were not protected. Mice secreting anti-mulc IgA,
however, showed a 95% decrease in mucosal PFU. It is known that
gastrointestinal proteases such as chymotrypsin partially digest the reovirus
surface in the lumen, cleaving sigma 3 and causing partial processing of mulc
protein so that after intestinal passage, sigma 3 is lost but the major portion of
mulc remains13. Thus, it is not surprising that anti-mulc IgA alone was able
to interact locally with reovirus to prevent mucosal infection.

DISCUSSION AND CONCLUSIONS

Taken together, these studies have demonstrated that viruses and
bacteria that are efficiently transported by M cells can evoke sufficient
numbers of antigen-specific IgA lymphoblasts in the Peyer's patch mucosa to
allow IgA hybridoma production using Peyer's patch cells alone. The antigen
specificities of the IgA hybridomas thus obtained provide an indirect indicator
of the microbial surface molecules that are most immunogenic in the
mucosal immune system.

The ability of specific IgA antibodies to provide mucosal protection can
be conveniently and directly assayed using the hybridoma "backpack” tumor
method. This allows us to distinguish protective from non-protective
monoclonal IgA antibodies. It also identifies microbial surface antigens and
epitopes that can evoke protective antibodies, and this information could be
useful in the future design of protective oral vaccines. It is noteworthy that
both anti-V. cholerae and anti-reovirus IgA antibodies that were shown to
provide protection in vivo were non-neutralizing in standard in vitro assays.

These results demonstrate that IgA antibodies alone, if delivered into
secretions at sufficiently high concentration, can protect against bacterial or
viral infection in the absence of other humoral and cellular immune
responses. Furthermore, monoclonal IgA antibodies recognizing a single

181



surface epitope on the target organism are capable of providing this
protection. Protective monoclonal IgA antibodies identified by these methods
can potentially be produced in large quantities and used to provide passive
protection to mucosal surfaces.
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INTRODUCTION

To respond to the constant challenge of their mucosal surfaces by
pathogenic organisms, mammals have evolved non-immune protection
mechanisms as well as a distinct mucosal immune system, the effector
molecule of which is secretory IgA (S-IgA). Mucosal and glandular epithelial
cells are able to transcytose dimeric and polymeric IgA by a specific receptor-
mediated transepithelial transport mechanism. The polymeric
immunoglobulin receptor (poly Ig R) is a member of the immunoglobulin
supergene family2. The ectodomain of this integral membrane protein is
composed of five domains, homologous to variable Ig domainsl.3, the first of
which is responsible for binding of the polymeric IgA%4. Upon binding of IgA
at the basolateral surface of epithelial cells, the receptor-IgA complex is
endocytosed and during translocation across the cell the interaction of IgA
with the receptor is further stabilized by the formation of a disulfide bridge
between the poly Ig R fifth domain and one constant domain of the IgA dimer
heavy chain®. Once at the apical surface of the epithelium, the receptor is
cleaved and its entire ectodomain, also called secretory component (SC)
remains bound to the IgAS5. There is some evidence that SC protects IgA
dimers against proteolytic degradation6. S-IgA antibodies are thus produced
locally by a unique collaboration between plasma cells, present in the
interstitium of mucosal and glandular tissues, and the overlying epithelial
cells.

Mucosal protection provided by S-IgA antibodies is thought to be
mainly due to their ability to cross-link and aggregate pathogens, preventing
their movement through the mucus and their access to the epithelium.
Aggregates of cross-linked pathogens and S-IgA may then be evacuated by
mechanical clearance, peristaltic movements in the gut or ciliated epithelium
in the respiratory tract’.
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METHODS AND RESULTS

In order to test the potential protective properties of S-IgA in the lumen
of the gut, we have raised monoclonal antibodies of the IgA isotype against
various pathogens that represent different models of infectious disease.
Mouse mammary tumor virus (MMTV) is a model for mucosally-transmitted
retroviruses; reovirus colonizes the central nervous system after entry
through intestinal M cells; Vibrio cholerae is a model for bacteria that
colonize the apical surface of the epithelium without further invasion of the
epithelial cells; and Salmonella typhimurium invades the mucosa after
destruction of epithelial cells. All these pathogens have in common a
requirement for access to mucosal epithelial cells at an early stage of their
pathogenesis.

Using a novel hybridoma "backpack" tumor implantation method, our
group has demonstrated that a single monoclonal IgA, when secreted as S-IgA
in the gut, was able to protect newborn mice against a lethal oral challenge
with virulent V. cholerae8. Although the hybridoma tumor implantation
method identifies protective antibodies, it is only feasible in syngeneic mice
and cannot be used to deliver monoclonal antibodies prophylactically or
therapeutically in other species. Passive oral administration of heterologous
antibodies is feasible, however. We therefore administered 100 pg of
concentrated IgA dimers by gastric intubation to newborn mice and tested
their resistance to an oral challenge of V. cholerae. We used IgA antibodies
against LPS that had been shown to be protective by the hybridoma backpack
tumor method. Oral administration of IgA resulted in protection, but
protection lasted only 3 hours. We hypothesized that the short duration of
protection could be partly due to protease degradation, since the IgA used in
these experiments lacked SC.

We therefore have designed two alternative strategies to engineer
S-IgA from monoclonal IgA, using recombinant poly Ig R or SC. A full-length
cDNA encoding the rabbit poly Ig R have been obtained by Mostov et al.l and
by Schaerer et al. from our group. As one strategy, we took advantage of the
fact that SC and IgA dimers can recombine spontaneously in solution. We
attempted to produce free SC by transfecting SP2/0 myeloma cells with the full
length cDNA, using a plasmid designed for high expression of proteins in B-
cell lines? and tested transfectants for production and release of SC.
Transfectants did express poly Ig R at their cell surfaces in a form that bound
IgA dimers, as shown by FACS analysis, but cleavage of poly Ig R and release
of SC-IgA complexes did not occur. Free SC was not released by these cells, in
contrast to poly Ig R-transfected fibroblasts10. This may be because SP2/0
myeloma cells do not express the thiol protease responsible for cleavage of SC
or, as they are non-polarized cells, they may lack the ability to perform some
intracellular processing step that may be required for cleavage of the receptor.
To circumvent this problem, we redesigned the vector such that the
ectodomain of the poly Ig R is produced and released directly as a secretory
protein. SC secreted by these latter transfected myeloma cells recognizes and
binds IgA dimers in solution. Experiments are underway to determine the
protease resistance of this S-IgA in vitro, and its half-life in vivo.

These engineered S-IgA molecules lack the covalent disulfide bonds
that normally form during transport through epithelial cells. In order to
produce S-IgA in which the SC and the IgA portions are covalently linked, a
novel co-culture strategy was devised. In this system, MDCK cells were
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transfected using a full length poly Ig R cDNA inserted in a dexamethasone-
inducible vector. In transfected MDCK cells grown on Transwell filters, the
itinerary of the receptor is normal, it is first directed to the basolateral surface
and then transcytosed to the apical surface and cleaved, resulting in the
release of large amounts of free SC in the apical medium. Monolayers of
transfected MDCK cells were grown on collagen layers in which were
embedded IgA-producing hybridoma cells. After hormonal stimulation, IgA
produced baso-laterally bound to poly Ig R, was transcytosed and S-IgA was
released apically. Disulfide bridge formation and S-IgA stabilization occurred
during transcytosis in MDCK cells as shown by SDS-PAGE and Western blots.

CONCLUSIONS

Monoclonal IgA directed against a single bacterial surface epitope can
protect against enteric bacterial challenge when given orally, even without
secretory component.

We have shown that monoclonal IgA antibodies can be combined with
recombinant secretory component produced in transfected myeloma cells to
produce engineered S-IgA.

We have also demonstrated that transfected MDCK cells are able to
assemble covalently bound S-IgA during transcytosis of poly Ig R-IgA
complexes.

These methods can now be exploited to produce engineered S-IgA for
passive protection of mucosal surfaces.
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INTRODUCTION

IgA has traditionally been considered to function mainly as an
immunological barrier or "antiseptic paint" along the lumenal surface of a
mucous membrane, as in the respiratory or intestinal tracts!. In this way, IgA
antibody serves to prevent foreign macromolecules or microorganisms from
adhering to or penetrating the lining epithelium. In contrast, the fate of IgA
immune complexes that form within the mucous membrane proper has not
received much attention, either conceptually or experimentally. Such
complexes could form, for example, if macromolecular antigens or fragments
thereof are able to penetrate the mucosal epithelium to some extent, or if
antigens derived from an infectious agent replicating within the mucous
membrane combine with IgA antibodies secreted from local plasma cells.
From their formation in the lamina propria of the mucous membrane, such
IgA immune complexes could reach the circulation, where they could be
removed by the mononuclear phagocyte system or, in certain species such as
the rat but not so much in humans, by transport into the bile2. On the other
hand, a more efficient path of removal of IgA immune complexes from the
lamina propria would be direct passage across the neighboring mucosal lining
cells via the same path normally used to transport free IgA into external
secretions: IgA binds to the polymeric immunoglobulin receptor, secretory
component, on the basolateral surface of the epithelial cell, after which the
complex is endocytosed and transported through the epithelial cell into the
secretions.

This report presents initial studies with a model system in vitro that
support the feasibility of the direct route of excretion suggested above and the
likelihood that it makes an important contribution to ridding the body of
locally formed immune complexes.
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MATERIALS AND METHODS

The system employs purified dimeric monoclonal rat IgA antibody
against the dinitrophenyl (DNP) determinant, DNP-bovine serum albumin
(DNP-BSA) antigen, and polarized Madin-Darby canine kidney (MDCK)
epithelial cells transfected so as to express rabbit polyimmunoglobulin receptor”.
The monoclonal antibody (IR-1060 hybridoma) was purified from ascites
provided by Dr. Hervé Bazin and the transfected MDCK cells were obtained
from Dr. Keith Mostov. The transfected MDCK cells were grown as polarized
monolayers on permeable nitrocellulose membranes (Fig. 1).

apical medium

2

N | === Z /. < N
ISR

N
o

/

basolateral

medium
membrane

cell monolayer

Figure 1. Diagram showing the experimental set-up. Polarized epithelial
monolayers are grown on permeable nitrocellulose membranes.
Immune complexes are added to the lower compartment in contact
with the basolateral surface of the cells. The upper compartment if in
contact with the apical cell surface. The two compartments, separated
by the tight junctions between adjacent cells which prevent free
diffusion, can be independently sampled.

RESULTS AND DISCUSSION

To study transcytosis, free IgA or soluble IgA immune complexes in
12-fold antigen excess (in both cases the IgA was radiolabeled with °I) were
added to the compartment below the epithelial cells, thereby gaining access
to the basolateral surface that bears membrane secretory component. After
several hours at 0° to permit binding, the cells were washed and warmed to
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37° to allow transcytosis. At intervals, medium was collected from the upper
compartment (exposed to the apical cell surface) and analyzed for
trichloroacetic acid (TCA)-precipitable radioactivity. In some experiments the
DNP-BSA antigen was also coupled to biotin; in this way immune complexes
could be precipitated with streptavidin-agarose. Figure 2 shows that both free
dimeric IgA as well as immune complexes containing dimeric IgA and
antigen were transported across the epithelial cells. At all time points more
free dimeric IgA than immune complexes was transported, in part due to the
greater accessibility of free dimer to membrane secretory component (data not
shown). In contrast to the transport of dimeric IgA and immune complexes,
as expected and as an additional control against nonspecific leakiness in the
epithelial cell monolayer, free monomeric IgA was not transported (data not
shown) because it is incapable of binding to secretory component.
Interestingly, soluble immune complexes prepared with DNP/biotin-BSA and
monomeric IgA antibody were not transported either (data not shown). Thus,
aggregation of monomeric IgA as occurs in an immune complex is not
sufficient to generate a site capable of binding to membrane secretory
component. Apparently, oligomeric, J chain-containing IgA, whether free or
in an immune complex, is required for binding to secretory component and
subsequent transcellular transport. Since in the case of immune complexes,
streptavidin was able to precipitate as much radioactive IgA from the apical
medium as was TCA (data not shown), we can conclude that antigen
remained bound to dimeric IgA antibody throughout cellular transport; in
other words, intact immune complexes passed transcellularly from basal to
apical surface and then out of the cell.
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Figure 2. Transport of dimeric IgA immune complexes (or free dimeric IgA)
across polarized, transfected epithelial cells. Radioactive IgA
transported was quantified by gamma counting.
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To study the intracellular state of endocytosed IgA immune complexes,
they were added as before to the basal medium and the preparation was
incubated at 0°. After washing and warming to 37° to permit endocytosis, the
cells were chilled to 0°, treated with pronase to remove residual cell surface
immune complexes, scraped from the nitrocellulose membrane and collected
by centrifugation. The radioactivity in the cell pellets was a measure of their
content of IgA immune complexes (Fig. 3). After lysis of the cells in Triton X-
100 detergent, the extent of degradation of the intracellular IgA was
ascertained by TCA precipitability, which was essentially complete, and by
SDS-PAGE under reducing conditions followed by autoradiography. For the
first 2 hours all IgA in intracellular immune complexes contained intact H
and L chains. Over the next 22 hours there was evidence of partial
degradation of the H chains (presumably from proteolysis at the hinge region)
but no evidence of L chain degradation (data not shown). The absence of
significant breakdown of intracellular IgA together with data presented earlier
suggest that once endocytosed, IgA immune complexes are transported intact
to the apical surface for export and are not significantly diverted to an
endolysosomal compartment. In short, dimeric IgA immune complexes
appear to be handled by secretory component-expressing epithelial cells in a
like manner to free dimeric IgA.

Until the recent availability of secretory component-expressing
epithelial cells that grow easily in vitro in polarized monolayers, there was no
suitable means to study vectorial transport of IgA immune complexes
quantitatively. In the current work, we have been able to show that such
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Figure 3. Endocytosis of radioactive dimeric IgA immune complexes. At the
indicated intervals, epithelial cells exposed to immune complexes at
the basolateral surface were treated with pronase prior to gamma
counting.
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transport occurs readily from basolateral to apical surface, from which export
ensues, as long as the immune complexes contain oligomeric IgA. We
suggest that this route, well known for transporting free dimeric IgA antibody
into external secretions!2, could also be of major homeostatic significance for
quickly ridding the body of immune complexes as they continuously form
within mucous membranes. This direct route of export would limit the
body's systemic exposure to free foreign molecules and immune complexes in
the circulation. In so doing, the proposed route of antigen elimination may
function to help prevent immune, including autoimmune, diseases.
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INTRODUCTION

Human colostrum S-IgA and mature breast milk contain large
quantities of secretory IgA (S-IgA)1-3. In general, the concentration of milk S-
IgA is higher in the early postpartum period; than in the later stages of
lactation3-5. The content of S-IgA is the result of the additive presence of a
great variety of specific S-IgA antibodies that are formed locally in the
mammary gland by lymphocytes that had been primed at the intestinal level
by microbial and food antigens, and that migrated to the mammary gland
under the influence of hormones6-8. In such a way, antibodies directed
against Shigella, Salmonella and Escherichia coli somatic antigens, Vibrio
cholera and E. coli toxins, rota- and polioviruses, and cow milk, black beans
and soy beans proteins, have been detected in human colostrum and milk
samples obtained in different ecosystems!.9-14. The ingestion of human milk
containing high levels of specific antibodies has been shown to be associated
with protection against diarrheal illnesses!516 and food allergies!? in the
breast-fed infants. Nevertheless, prospective studies have demonstrated that
the presence and levels of specific S-IgA antibodies in milk do not remain
constant during lactation18:19, suggesting that its protective capacity also varies
over time.

Based on observations that oral ingestion of antigens induces a
temporary decrease in pre-existing, specific homologous S-IgA milk
antibodies20.21, we have suggested that intestinal infections in lactating
women may induce a transient diminution in the concentration of S-IgA
antibodies in milk. To explore this hypothesis, we have conducted a
prospective longitudinal study among mother-infant pairs in a rural
community in Guatemala. Here we present a summary of our initial
findings.
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MATERIALS AND METHODS

Population
The mothers were recruited in Santa Maria de Jesids, a rural

community 50 km from Guatemala City22. This traditional society is mainly
formed by Maya-Cackchiquel natives among whom breastfeeding is almost
universally practiced. For the purpose of this report, 15 mothers were studied.
Their ages ranged from 19 to 39 years (mean = 28.3; SD = 6.1 years) at the time
of delivery. They were enrolled in the program 5-7 days post-partum and we
visited their homes every week. Fecal and milk samples were collected
routinely every two to three weeks and, in addition, whenever an episode of
diarrhea was detected among the women or their children.

Laboratory Procedures

Fecal specimens were collected in paper cans and processed as
described?3. Detection of Shigella spp., Salmonella spp., Campylobacter jejuni,
Yersinia enterocolitica, Plesiomonas shigelloides and enteropathogenic,
enterotoxigenic and adherent E. coli, as well as rotaviruses, Giardia lamblia
and Cryptosporidium was done following standardized procedures detailed
elsewhere23. To detect specific IgA antibodies in milk, Shigella spp.
lipopolysaccharides were prepared by the method described by Céceres et
al.24 from the homologous bacterial strains, and Giardia antigen was obtained
from cultured trophozoites of the Portland strain25. All antibodies were
detected by means of the enzyme-linked immunosorbent assay, as described1?,
using alkaline phosphatase-labeled anti-human IgA antiserum (Tago, Inc.,
Burlingame, CA, USA).

RESULTS

Intestinal Infections in the Women

Five women were shown to shed Giardia lamblia cysts during the
observation period. In three of them, the excretion of Giardia cysts was short-
lived (1-2 weeks), one subject had positive samples taken 6 weeks apart, and
one individual shed Giardia for at least 4 months. None of these infections
were associated with diarrhea. Shigellae were found in 6 of the 13 women in
which the Shigellae studies were complete (fecal culture and anti-Shigella
antibodies). Two women had two different infections by Shigellae. In total,
we isolated Shigella flexneri 2 from three cases, Shigellae flexneri 6 from four
cases, Shigella boydii 4 from one and Shigella boydii 10 from one woman.
Only one infection due to Shigella flexneri 2 resulted in diarrhea.

Specific IgA Antibodies in Milk

Anti-Giardia antibodies were detected in 10 (66.7%) of the 15 women.
The antibody levels varied between 1:2 and 1:64. The women who were lacto-
negative at the beginning remained negative for the duration of the follow-
up. Of those who had antibodies in the milk samples taken at the start of the
study, one had an increase (> 4-fold difference), eight had a decrease (> 4-fold
difference or from positive to negative) and in one case the levels remained
unchanged. In regard to anti-Shigella antibodies, only three (23%) women
were lacto-negative. Among these three cases, we documented an increase in
antibody titers in one instance; the levels did not change in the two remaining
ones. Among the lacto-positive cases, in which the titers varied between 1:8
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Figure 1. Association of milk antibody levels and detection of Shigella spp. in
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Figure 2. Association of milk antibody levels and detection of Giardia cysts in
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and 1:256, we observed a fall in antibody levels in 7 instances (6 individuals);
there were 4 women whose titers remained constant.

Association of Changes in Milk IgA Antibody Levels with Intestinal Infections

Five of the eight documented decreases in anti-Giardia IgA antibodies
followed detection of Giardia cysts in the fecal samples obtained from the
women. Fig. 1 depicts one case. Three falls and one increase in anti-Giardia
antibodies were not associated with documented excretion of Giardia
parasites. Likewise, five of the decreases in anti-Shigella antibodies followed
infections by Shigella spp. (Fig. 2); lacto-conversion was seen after excretion of
Shigella. In two cases in which infection was not documented, antibody falls
were observed. In total, among 11 proven infections, a fall in antibody levels
was seen in 10 cases (91%); only 5 (31%) cases of decreased titers were seen
among non-infected individuals (p = 0.0047, Fisher exact test, Table 1).

Table 1. Changes in Anti-Giardia and Anti-Shigella IgA Milk
Antibody Levels in Relation to Intestinal Infections in
the Mother

Decrease in _antibody levelsa
Present Absent Total

Intestinal infection

documented Yes 10b 1 11
No 5 11 16
Total 15 12 27

anumber of individuals
bodds-ratio: 22;95% CI: 1.89 - 1038.72 p=0.004 (Fisher exact test).

DISCUSSION

IgA-committed lymphocytes that are primed in the intestine migrate to
the mammary gland, where they produce IgA dimers that, after being coupled
with secretory component, are secreted into milké-8. The ingestion by the
breast-fed infant of such antibodies in high titers has been proven to be
associated with protection against diarrheal disease caused by V. cholera and
enterotoxigenic E. colil5,16 and against cow milk-induced allergyl?. These
studies clearly underscore the importance of the presence and high levels of
specific antibodies in human milk for breastfeeding to be protective against
intestinal pathologies.

On the other hand, diarrheal illnesses are very common among
children of rural areas of the developing world, where breastfeeding is
practiced almost universally for prolonged periods26.27. These observations
prompted some authors to put forward the hypothesis that underprivileged
women, who commonly show nutritional deficits, have an impairment in
their capacity to produce milk in adequate quantity and/or immunological
quality28. Several studies have not been able to document deficiencies either
in the volume of milk produced by underprivileged mothers or in its content
of S-IgA5:29.30. Nevertheless, prospective longitudinal observations both in
developed and developing communities have shown that the levels of
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specific antibodies in milk fluctuate over time, independently of the total
concentration of S-IgA and of other specific antibodies18:19. These changes in
antibody levels do not follow specific patterns and seem to be of greater
magnitude and more common among women who live in highly
contaminated areas than among women of urban, more hygienic,
environments. These findings, coupled with the fact that oral immunization
with either live poliovirus20 or with a vegetable protein extract?! results in
the temporary decrease of pre-existent antibodies, motivated us to suggest that
intestinal infections (be they asymptomatic or symptomatic) in the lactating
woman induce a drop in the content of homologous milk IgA antibodies.

The results presented here support our hypothesis. Documented
infections by Giardia lamblia and different Shigella spp. in lacto-positive
women resulted in decreases in antibody levels in 91% of the cases. The
magnitude and duration of the observed changes varied widely among the
individuals, suggesting that factors such as duration of the infections,
infectious dose of the organisms, and even type of microbial agent, may play a
role in determining the behavior of milk antibodies after a given infection. It
is necessary to note that decreases in the levels of anti-Giardia and anti-
Shigella antibodies were also observed in the absence of documented fecal
excretion of these microorganisms. It is possible that our laboratory
methodology to detect Giardia and Shigellae in fecal material is not 100%
sensitive, especially when examining samples collected from healthy
individuals. It is also very likely that other factors, different from infectious
processes, influence the behavior and/or transit of IgA-commited
lymphocytes that under normal conditions are programmed to migrate to the
lactating mammary gland tissue.

We consider it of importance to extend these studies to a larger number
of individuals and to a greater variety of diarrheagenic agents such as
rotavirus, toxigenic E. coli and Campylobacter, that are among the most
common pathogens associated with gastroenteritis in our populations. Of
greater importance, however, is to explore the implications for the health of
the breast-fed infant of these changes in milk antibody content. With the
present knowledge, however, it is valid to recommend that for the protective
role of breastfeeding to be expressed in its maximum capacity, efforts must be
made to reduce the risk of intestinal infections in the lactating mother.
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CONCLUSIONS

Intestinal infections by Giardia lamblia and Shigella spp. in the lactating
woman induce a temporary decrease in S-IgA specific homologous antibodies
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found in breast milk. Other non-infectious factors may also be associated with
changes in S-IgA antibody concentrations in human milk.
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INTRODUCTION

Human milk contains secretory IgA (S-IgA) antibodies (Abs) against a
number of common food antigensl. These Abs appear to play a role in the
protection of breast-fed infants against development of infantile allergic
disease. Indeed, Machtinger and Moss showed that breast milk IgA Ab levels
to cow's milk are lower in mothers of allergic infants than in mothers of non-
allergic infants?. The food Abs in human milk may also influence the
infant's immune response to foreign food proteins introduced during
weaning3. Whereas anti-bacterial IgA in breast milk reflect the mother's
intestinal antigenic exposure?, the factors that influence anti-food IgA levels
in milk are still poorly understood. Results concerning the role of the
mother's diet are contradictory®6, and modulation of the immune response
by other factors at the intestinal level might be important (for instance
possible adjuvant effects of intestinal infections).

In this study performed in Central Africa, in Lwiro (Zaire), we have
given cow's milk to lactating mothers suffering from marginal protein energy
malnutrition, to improve their nutritional status and to increase their milk
output. Concurrently, we had the opportunity to evaluate in these lactating
mothers the influence of their diet on the milk and serum Ab levels against
two different food antigens: 1) gliadin, which is one of the main protein of
bread, consumed only sporadically and in low amount; and 2) cow's milk
proteins during a milk supplementation program in a non-milk drinking
population.

MATERIAL AND METHODS
Patients
Serum and breast milk from 93 lactating African mothers were

collected respectively two to three months after delivery, and two months
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later. In this population, milk drinking is not a habit because of lactose-
intolerance. However, during the 2 months of the study period, all these
mothers ingested daily 600ml cow's milk, in the presence of a member of the
medical staff to ensure compliance to the diet. A dietetic survey allowed to
delineate two subgroups, consuming bread either up to once a week
(maximum 3.5g of gliadin) or not at all. Protein malnutrition was only
moderate at the beginning of the study as assessed by mean serum albumin
levels of 33.6g/1 (normal values : 35.0 - 55.0). Albumin concentration was,
however, below 30.0g/1 in 17% of the mothers before inclusion in the study
but returned to the normal range at the end of the period of investigation.

Methods

IgA and IgG Abs against beta-lactoglobulin (BLG), bovine IgG (BIgG) and
gliadin (GL) were measured by radioimmunoassays or ELISA as previously
described and results were expressed in arbitrary units (A.U.) by reference to
standard curves’.8. Milk samples were freed of fat and cells by a centrifugation
at 10,000g for 30 min, and tested at two different dilutions. The amounts of
Abs delivered over a 24 hours period were calculated to abolish variations in
daily milk output. Molecular size of IgA Abs was analyzed in 10 samples by
high-pressure liquid chromatography (HPLC)? and by sucrose density gradient
ultracentrifugations (SDGU)8.

RESULTS

Antibody Response to Gliadin

Anti-GL IgA were detected in the majority of both milk and serum
samples, even from mothers who did not consume bread at all, or at least for
1 month before the beginning of the study (represented by crosses in Fig. 1).
No other source of gliadin than bread was unravelled. The presence and titers
of anti-GL IgA, both in milk and serum were not associated to the
consumption of bread (Chi square test). The antigen specificity of these Abs
was checked by absorption experiments; they demonstrated in some cases
only, a small interference of rheumatoid factor on the Ab titer (data not
shown). In some samples, IgA AD titers were quite elevated and values in
milk and serum were correlated (R=0.29, p<0.02 for n=69). In contrast, the
incidence of detectable serum IgG Abs was lower and no correlation was
found with IgA ftiter.

In breast milk, anti-GL IgA were exclusively polymeric IgA (pIgA) (11s
and higher molecular weights), as was total IgA; percentages of pIgA were
respectively of 99% (range: 90-100%) for IgA Abs and of 100% in all samples
for total IgA. Abs were revealed by both anti-alpha and anti-secretory
component (SC)-radiolabeled Abs. In serum, IgA Abs were also mainly
polymeric (median: 79%; range: 64-90%), whereas total IgA was mainly
monomeric (median: 21% plgA; range: 11-28%). Polymeric IgA Abs were
10.2s dimeric IgA and higher molecular weights IgA, not linked to SC.

Antibody Response to Cow's Milk Proteins

IgG Abs against BLG and BIgG were detected in most serum before the
systematic introduction of cow's milk in the mother's diet, indicating a
previous sensitization of the mothers to these antigens (Fig. 2 - column 1). In
contrast, the incidence of IgA Abs was low both in serum and milk, as was
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Figure 1. Anti-gliadin titers in milk and serum. Columns give the medians.
Dotted lines = positivity limits. Crosses represent samples from
mothers on a "gluten-free" diet.
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Figure 2. Antibody titers in milk and serum. Columns give the medians.
Dotted lines = positivity limits.

their titer in the positive sample (Fig. 2). In this case, no correlation was
found between IgA Ab titers in serum and milk.

After cow's milk introduction (600ml/day during 2 months), the
number of samples with detectable Abs and the titers of IgG and IgA Abs, both
in milk and serum, were not different (Fig. 2 - column 2). Ratios between the
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Ab titers after and before the milk-containing diet were calculated.
Histograms of the results showed, for each Ab specificity and isotype, an
approximately symmetrical distribution around a mean value of 1; this
suggests no modification at all of the Ab titers. This is illustrated for anti-BLG
IgG in Fig. 3 showing that 84% of the ratios were comprised between 0.5 and
2.0, and 96% of them were between 0.25 and 4. This means that Ab titers
before and after the cow's milk diet differed respectively from less than 1 or 2
dilutions steps of two, that could be considered as non-significant.
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