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Extract

In infants colonized with a nonenteropathogenic strain, Escherichia coli 083, the strain
was detected in the stool from the 2nd day after oral administration and remained in
predominance during 16 weeks. The serum antibody against E. co/i 083 increased
rapidly during the 4th week in breast-fed and in formula-fed, colonized infants and
remained significantly higher for 16 weeks when compared with control subjects.
Lysozyme did not influence the serum immunoglobulin levels.

The production of hemagglutinating coproantibody against £. coli 083 started in
the 2nd week and remained statistically significant up to the 6th week in breast-fed
infants. In bottle-fed, colonized infants the increase of the antibody level is signifi-
cantly higher between the 4th and 16th week when compared with control subjects.
Immunoglobulin M (IgM) was detected in bottle-fed infants only.

In breast-fed, colonized infants and in control subjects, a high level of secretory
immunoglobulin A (IgA) was found between the lst and 8th week. In bottle-fed,
colonized infants the increase of secretory IgA started from the 4th week and stayed
significantly higher in the 6th, 12th, and 16th week. No immunoglobulin G (IgG)
at all was found in stool filtrates.

Lysozyme did not influence the production of serum immunoglobulins, copro-
antibody, and secretory IgA.

The artificial oral colonization induced a higher formation of secretory IgA
in the intestinal mucosa. This effect can be detected in bottle-fed infants only, as the
infants own production of IgA is masked by IgA passively transferred from maternal
milk during breast feeding.

Speculation

Oral colonization of neonates with a nonenteropathogenic E. colt may provide a better
state of immunity for artificially fed infants. The unusual ability of the E. colz 083 strain
to predominate in the stool for prolonged periods could be used as a therapeutic ap-
proach for enteric infections caused by antibiotic-resistant bacteria and for individuals
with altered stool flora due to prolonged antimicrobial therapy.

Colonization experiments such as these confirm that the immune responses of
human neonates are a useful model for the study of this important developmental
phenomenon.

659



660 LobiNvov4, Jouja, AND WAGNER

Introduction

After intrauterine life in a sterile environment, the
newborn infant comes into contact with a variety of
microorganisms. As shown by experiments in germ-free
animals, this contact with organisms exerts a profound
effect upon the development of immune reactivity [35].
LEven though the human fetus produces a small
amount of immunoglobulins, the main protection dur-
ing the first weeks of life is provided by maternal anti-
bodies.

The levels of all immunoglobulins are compara-
tively low [34], and the infants are very sensitive to
enteral and parenteral infections, especially those
caused by gram-negative bacteria. Human colostrum
and milk contain high amounts of IgA and less IgG
and IgM [32]. Breast-fed infants obtain from colos-
trum, and later from milk, IgA-containing antibodies
against all infections which the mother has met pre-
viously. Milk IgA could be detected in effective
amounts in the stool of breast-fed infants, although it
could not be found in feces of bottle-fed infants [16,
17].

Lysozyme is another component of breast milk that
is capable of altering the microbial flora as well as
mediating a beneficial effect upon enteric infection.
Lysozyme is present in human milk and is absent in
cow’s milk [6, 20].

The importance of the intestinal flora, which repre-
sent a strong antigenic stimulus for the whole orga-
nism, has been confirmed by many experimental stud-
ies. It influences the development of immune reactions
and preforms them, to some extent, for the rest of life
[85].

In a study dating back to 1927, Besredka [2] devel-
oped a concept of local immunity on the surface of
mucous membranes. However, he did not postulate an
immunity mediated by antibodies. In 1988 Torikata
and Imaizumi [37] demonstrated opsonins in the intes-
tine after oral or parenteral vaccination. It was found
subsequently that many different external secretions
bathing mucous surface contained a predominance of
IgA and smaller concentrations of IgM, IgG, and IgD
[36].

Antibodies produced locally by the intestinal mu-
cosa were named coproantibodies by Burrows et al. [3].
Coproantibody formation was shown after experimen-
tal immunization in laboratory animals [7, 18] and
natural infection and vaccination in man [27, 29]. Oral
vaccination in adults and infants induced higher titers
of coproantibodies than did serum antibodies [10, 15].

Fluorescent antibody studies show that most Ig-con-
taining cells of the intestinal submucosa contain IgA, a
lesser number of cells contain IgM and a very low
number of cells contain IgG [4]. Secretory IgA con-
tains one more polypeptide chain (secretory compo-
nent), synthesized by the intestinal epithelial cell, than
serum IgA [13, 38]. Secretory IgA also differs from
serum IgA in its greater resistance to the degradative
effect of proteolytic enzymes [33].

There are unique factors in the neonate which may
affect the local intestinal response. In the neonate, the
number of Ig-producing cells in the submucosa and
the concentration of secretory immunoglobulins is very
low [5].

In our previous papers [21, 22], we demonstrated that
after artificial oral colonization with a mnonentero-
pathogenic strain, E. coli 083, this strain remained pre-
dominant for several weeks when compared with E.
coli strains acquired spontaneously from the environ-
ment. £. coli 083 evoked an earlier and higher serum
antibody response in full term as well as in premature
infants than the other £. coli strains [23].

In this study the effect of oral colonization with a
nonenteropathogenic E. coli, strain 083, and feeding
with lysozyme in breast-fed and bottle-fed infants upon
the production of serum and secretory immunoglobu-
lins and antibodies was studied.

Methods

All infants under long term investigation were deliv-
ered in our institute and kept in the department for
healthy infants from birth until the age of 6 months.

We started with 14 artificially fed infants. They
were colonized with E. coli type 083. A suspension
prepared from a 24-hr culture containing 5 X 10% orga-
nisms/ml was administered during the first 24 hr after
birth and again 3§ times a week for 3 successive weeks.
The suspension was prepared freshly every day and 10
colonies from each petri dish were tested for specificity.
The S phase was proved by boiling and with acriflavin.
The stool specimens were cultured and E. coli colonies
were tested with E. coli antiserum to serotype 083 for
specificity.

Later, eight breast-fed and nine artificially fed in-
fants were colonized in the same way.

Lysozyme, 10 mg/100 ml, was added to the milk
formula of 11 bottle-fed infants for a 2-month pe-
riod [40]. The control groups consisted of 11 breast-
fed and 10 artificially fed infants. The bottle-fed in-
fants were fed with humanized cow milk formula [41].
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Blood samples were drawn from the mothers and
from each child before the colonization. Additional
blood and stool samples were taken during the Ist and
2nd week after colonization, after which the samples
were taken every 2 weeks for a 24-week period. Stool
samples were collected under sterile conditions. Sera
were stored at —15° and stool samples were stored on
Dry Ice. Antibodies against E. coli 083 were deter-
mined by a hemagglutination technique on microtitra-
tor plates according to the method of Neter et al. {25].

Concentrations of IgG, IgM, and IgA in the sera
were first determined quantitatively by double immu-
nodiffusion technique in a micromodification of the
Ouchterlony method using monospecific antisera [42]
in three dilutions and normal human serum Behring-
werke. Where the immunoglobulins were present, the
concentration was determined quantitatively by radial
immunodiffusion according to the method of Fahey
and McKelvey [8]. The serum concentrations were ex-
pressed in milligrams per milliliter. Stool samples col-
lected under sterile technique were mixed thoroughly
and diluted to 10 volumes of sterile saline with a vor-
tex for 3 min and centrifuged for 30 min at 5° at
10,000 rpm and the supernatant passed through Milli-
pore filters (type HEF, pore sizes 5 um and 22 um). The
filtered supernatant, assayed for sterility, was then
studied for E. coli 083 antibody by passive hemagglu-
tination technique and for IgG, IgM, IgA, «-2-macro-
globulin, ceruloplasmin, transferrin, albumin, g-lipo-
protein, and Bence-Jones proteins, types K and L, by
Ouchterlony’s method. When Ig were detected they
were measured quantitatively by radial immunodiffu-
sion technique. A highly purified colostral IgA [43]
was used as reference standard for the measurement of
stool filtrate IgA. The final concentrations of Ig were
expressed in milligrams of protein per gram of stool.

For statistical evaluation, the one-way layout analy-
sis of variance, the method of Scheffe, and the Fisher’s
test [9] were used [30].

Results

In the first group of infants the strain E. coli 083 was
detected in the stool from the 2nd day after oral ad-
ministration and remained in predominance during
the whole time of investigation. Until 14 weeks it was
the only E. coli strain found in the stool (Fig. 1).
Serum antibody against E. coli 083 was detected in
all infants in a low titer from the Ist week of life, as
shown in Figure 2. The titer increased rapidly during
the 4th week in breast-fed and formula-fed, colonized

Table I. Serum-hemagglutinating antibody against Escherichia
coli 083"

Group x SE P Group & SE P
1 week 2 weeks
a 2.63 0.41 a 3.50 0.60
b 3.33 0.67 b 3.29 0.84
¢ 2.20 0.58 ¢ 3.09 0.46
d 3.00 0.38 d 1.80 0.80
e 2.80 0.86 e 3.11 1.08
4 wecks 6 weeks
a 5.88 0.76 afe a 5.50 0.56 afe
P < 0.05 P <0.05
b 5.00 0.41 b 4.89 0.54 b/e
P < 0.05
c 2.81 0.68 ¢ 2.72 0.38
d 3.00 0.82 d 3.13 0.54
e 3.27 0.80 e 2.45 0.62
8 wecks 10 weeks
a 5.29 0.51 afe a 4.57 1.16
P < 0.05
b 4.78 0.52 b/e b 4.63 0.68
P < 0.05
¢ 2.90 0.84 a/d ¢ 3.40 0.87
P <0.05
d 2.78 0.40 d 3.00 0.36
e 2.81 0.53 e 2.54 0.65
12 weeks 14 wecks
a 5.00 0.26 afe a 5.29 0.41
P <0.05
b 4.11 0.66 b 4.63 0.53
¢ 3.00 0.73 ¢ 2.80 0.71
d 3.44 0.42 d 3.67 0.50
e 2.72 0.37 e 3.50 0.67
16 weeks 20 weeks
a 5.43 0.29 a/c a 4.86 0.45 b/c
P < 0.05 P < 0.05
b 4.56 0.47 1243 b 5.50 0.50 d/c
P < 0.01 P < 0.05
¢ 3.09 0.46 13 2.90 0.75
d 4.00 0.39 d 5.00 0.36
3.81 0.49 ¢ 4.10 0.54
24 weeks
a 5.75 0.45
b 4.57 0.72
c 3.36 0.35
d 5.43 0.53
e 4.00 0.72

1 g Breast-fed, colonized infants; b+ bottle-fed, colonized infants; ¢: breast-fed
control subjects; d bottle-fed control subjects; e lysozyme-fed infants; x. arith-
metic mean. For statistical evaluation the onc-way layout analysis of variance
was used.

infants and remained higher in both colonized groups
than in control subjects up to 16 weeks.

In formula-fed control subjects and lysozyme-fed in-
fants a low titer of E. coli 083 antibody was present
and increased slowly from the 14th week. At 16 weeks
the titer reached about the same level as in colonized
infants. In Dbreast-fed control subjects, the type 083
antibody remained low to the age of 20 weeks.

There was no significant difference found in the
serum IgM levels among all groups (Fig. 3).
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Table II. Stool filtrates: hemagglutinating antibody against Table II1. Stool filtrates (IgA, milligrams per milliliter)t
Escherichia coli 083!
Group % SE P Group % SE P
Group X SE P Group x SE P
1 week 2 weeks
1 week 2 weeks a 22.94 10.03 a 29.12 10.32 a/b
a 1.57 0.65 a 2.43 0.65 d/a P < 0.05
P < 0.01 b 4.00 2.96 b 1.83 1.83 a/d
b 1.44 0.53 b 1.11 0.48 e/a P < 0.01
P < 0.05 c 8.73 4.80 c 24.50 9.94 a/e
¢ 0.60 0.40 ¢ 1.20 0.80 b/a P < 0.01
P <0.05 d 5.00 5.00 d 0 0 c/b
d 0 0 d 0 0 P < 0.01
3 0.25 0.25 e 0 0 € 2.91 2.92 ¢ 0 0 c/d
P < 0.01
4 weceks 6 weeks /e
a 1.86 0.34 d/a a 2.57 0.78 d/a P <0.05
P < 0.05 P < 0.05
b 2.22 0.52  e/a b 2.44 0.65 ¢/a 4 weeks 6 weeks
P < 0.05 P < 0.05 a 29.81 6.91 a/d a 25.56  10.11 a/d
¢ 1.36 0.39 d/b ¢ 1.00 0.32 d/b P < 0.01 P < 0.0}
P < 0.01 P < 0.05 b 3.99 2.05 afe b 4.43 2.58 ale
d 0.20 0.13 e/b d 0.30 0.15 e/b P < 0.01 P < 0.01
P < 0.0l P < 0.05 ¢ 23.82  11.26  b/d ¢ 22,05 11.96 b/d
e 0.13 0.13 e 0.13 0.13 P < 0.01 P < 0.01
d 0 0 b/e d 0 0 b/e
8 weeks 10 weeks P <0.01 P < 0.05
a 1.43  0.61 a 0 0 b/a € 0 0 e/d e 0 0 e/d
P < 0.01 P < 0.01 P < 0.01
b 2.44  0.78 b 2.56  0.58 c/e c/e
¢ 1.00 0.45 ¢ 0.60 0.60 P < 0.01 P < 0.01
d 0.80 0.33 d 0.70 0.50
e 0.38  0.26 e 0.63  0.50 8 wecks 10 weeks
a 23.25 10.27 a/d a 9.56 5.08 b/e
12 weeks 14 wecks P < 0.05 P < 0.05
a 0.14  0.14  d/b a 0.14 0.4  d/b 6 8.33  4.11  a/e b 9.33  3.9¢
P < 0.0l P < 0.05 P <0.01
b 3.00 0.73 e/b b 2.89 0.56 e/b ¢ 11.55 3.38 c/d 13 3.55 1.88
P < 0.01 P < 0.01 P < 0.05
c 1.00 0.55 b/a ¢ 1.54 0.64 b/a d 0.31 0.31 c/e d 5.25 4.22
P < 0.0l P < 0.05 P <0.05
d 0.40 0.31 d 0.80 0.42 e 0.27 0.27 e 1.25 1.12
€ 0.13 0.13 e 0 0
12 weeks 14 weeks
16 weeks 20 weeks e 10.13  4.83 a/d a 4.74  3.19
a 0.43  0.30 d/b a 0.14  0.14 2 < 0.05
P < 0.05 b 11.94 5.90 a/e b 3.94 2.70
b 2.56  0.63 /b b 1.89  0.61 P < 0.05
P < 0.01 ¢ 5.50  2.73  b/d ¢ 5.86  3.74
¢ 0 0 b/a ¢ 0 0 P < 0.05
P < 0.05 d 0 0 b/e d 1.90 1.90
d  0.60 0.31 b/e d 0.8 0.5 P <0.01
P < 0.05 4 0 0 c/d 13 0.27 0.27
¢ 0 0 ¢ 0 0 P < 0.05
c/e
24 weeks P <0.05
a 0.29 0.29
b 1.33 0.75 16 weeks 20 weeks
¢ 0.60 0.60 a 5.93 3.86 b/d a 0 0
d 0.10  0.10 P < 0.05
. 1} 0 b 2.72 1.39 b 0.31 0.31
¢ 3.36 1.96 ¢ 1.14 1.14
1g: Breast-fed, colonized infants; &: bottle-fed, colonized infants; ¢: breast-fed d 0 0 d 0 0
control subjects; d: bottle-fed control subjects; e: lysozyme-fed infants; x: ¢ 3.82 3.82 ¢ 0 0
arithmetic mean. For statistical evaluation the onc-way layout analysis of vari-
ance was used [30]. 24 weeks
a 3.13 3.13 b/e
P < 0.05
The highest IgG levels were present in the 1st to the b 678  3.98 b/
: . s . P < 0.05
2nd week in all infants being passively transferred c o 0
from the mother. IgG decreased slowly in all infants d  0.60 0.60
. . 0
except for the breast-fed control subjects in whom the
titer remained unchanged up to the age of 8 weeks. 1a: breast-fed, colonized infants; b: bottle-fed, colonized infants; ¢: breast-fed

control subjects; d: bottle-fed control subjects; ¢: lysozyme-fed infants; x:
arithmetic mean. For statistical evaluation the Fisher test {9] was used,

The difference was not statistically significant. After 10
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Fig. 2. Serum antibody against Escherichia coli 083.

weeks there was no difference in IgG among the
groups (Fig. 4).

Serum IgA was low in the Ist week of life and in-
creased gradually from the 4th week in all groups of
infants (Fig. 5).

Lysozyme did not influence the serum immunoglob-
ulin levels. From the clinical observation a better stool
quality was noticed.

Coproantibody formation was found to be signifi-
cant at 4 weeks in the colonized, artificially fed group
(Fig. 6). This maximum level of type 083 agglutinins
persisted to 16 weeks and slowly declined at 6 months.

In breast-fed, colonized infants coproantibodies were
detected from the lst to the 6th week and later de-
clined gradually. No difference in the coproantibody
response was observed in the artificially fed control
and lysozyme-fed group.

IgM was detectable only in the artificially fed colo-
nized group (Fig. 7). IgM was first found in this group
at 4 weeks.

Stool IgA was present in elevated amount in both
breast-fed groups at 1-8 weeks of age (Fig. 8). The
elevated IgA levels persisted in the breast-fed, colo-
nized infants to 8§ weeks, whereas the IgA level declined
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Fig. 4. Serum IgG levels.

in the breast-fed control subjects at that time. An in-
crease in the IgA was detected in the colonized, artifi-
cially fed infants from 4 up to 12 weeks when com-
pared with the artificially fed control subjects and the
lysozyme-fed group.

Discussion

Each infant after birth becomes naturally colonized
with microbes from the environment. The substitution
of the randomly acquired intestinal flora by a tested
nonpathogenic E. coli strain permits investigation of
immune development and keeps the composition of
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the intestinal flora partly under control. All infants
were kept under intensive health care and were in
excellent health during the whole period of investiga-
tion. No gastrointestinal disorders were observed. Fur-
ther evidence for the safety of colonization with E. coli
083 was the absence of detectable serum proteins in
the stool without elevation of serum IgA in agreement
with Schultze and Heremans [32]. We used the same
nonenteropathogenic E. coli 083 strain for artificial
colonization as in our previous work. In spite of a
good knowledge of its biochemical and antigenic prop-
erties [19] it has not been explained why this particu-
lar E. coli strain colonizes the intestine so well and
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remains in predominance for many weeks. Our experi-
ences were also confirmed by Hanson [12], who used
the same strain for colonization.

The serum antibody against E. colt 083 was signifi-
cantly higher after 4 weeks in colonized, breast-fed
infants and bottle-fed infants when compared with
control groups. In colonized, bottle-fed infants, the an-
tibody titer remained higher for 20 weeks and no dif-
ference could be detected later on. In breast-fed con-
trol subjects, however, the titer was low until the age
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of 20 weeks. This difference would be explained by a
predominance of Lactobacillus bifidus in breast-fed in-
fants and less contact with E. coli antigens than in
formula-fed infants.

Furthermore, in lysozyme-fed infants, the serum an-
tibody against the strain E. coli 083 was low when
compared with formula-fed control subjects. We did
not study whether lysozyme supported the growth of
Lactobacillus bifidus. Hypothetically, such an influ-
ence could be suggested and in that case a lesser
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Fig. 8. Secretory IgA levels in stool filtrates.

amount of E. coli would colonize the intestine sponta-
neously.

Low titers of hemagglutinating antibody against E.
coli 083 in sera of the control subjects can be ex-
plained by cross-reactions with common antigens of E.
coli strains which colonize the intestine spontaneously.

Freter et al. [11] found only a slight increase of
serum antibodies in cholera patients in comparison
with healthy control subjects. He ascribes the main
protective effect to coproantibodies produced locally in
the intestine.

Antibodies against E. coli do not cross the placenta
and, therefore, a newborn infant is not protected
against E. coli infections. The early induction of anti-
bodies against E. coli 083 achieved after artificial col-
onization might protect the infant against E. coli
infections because of their numerous antigenic cross-re-
actions. However, it is difficult to prove this effect clin-
ically.

Oral colonization of neonates with the nonentero-
pathogenic strain 083 resulted in the formation of cop-
roantibodies to the 0 antigen in most subjects. Al-
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though the maximum titer of coproantibodies was the
same in the two colonized groups, the breast-fed in-
fants showed a peak antibody titer at 2 weeks which
declined at 8 weeks. In contrast, the coproantibody
formation in artificially fed and colonized infants oc-
curred at 4 weeks but persisted until 16 weeks. The
explanation for the differences in the immune re-
sponse between the two colonized groups is that the
breast milk antibody suppressed the formation of cop-
roantibody in a manner similar to that described by
Katz and Plotkin [14], who studied the inhibitory ef-
fect of breast feeding on oral polio vaccination.

However, the oral colonization with E. coli induced
a local immune response even though a more rapid
decline of coproantibodies occurred in the presence of
maternal milk in the breast-fed group.

Another difference between the groups was the
slightly elevated IgM level in stools of the colonized,
artificially fed group. This finding indicates that a
local active immune response occurred in artificially
fed, colonized infants.

Colonization induced the formation of secretory
IgA. This effect was masked in the breast-fed infants
because of the passive transfer of this immunoglobulin
from the maternal milk.

Oral immunization has been shown to confer protec-
tion against enteric infectious diseases. As early as
1922, feeding of inactivated Shigella to infants induced
protection against dysentery caused by this organism
[28]. This procedure was later confirmed by other
workers using polio virus and Shigella vaccines [26,
29].

Other studies in man and laboratory animals have
shown that oral immunization is the most effective
route for the synthesis of high levels of coproantibod-
ies [7, 10].

Adinolfi et al. [1] has shown that secretory IgA can
exert a complement-dependent bactericidal effect only
in the presence of lysozyme. Eddie et al. [7], who used
highly purified rabbit immunoglobulins, showed that
lysozyme potentiated the complement-dependent bac-
tericidal activity of serum itself and of intestinal IgG.
The lack of interaction of lysozyme secretory IgA anti-
bacterial antibodies in these latter experiments could
have been due to a species difference or a IgG contami-
nation of the IgA preparation used by Adinolfi et al.
Wernet et al. [39] has suggested that coproantibodies
promote phagocytosis of the microorganisms on a mu-
cous membrane surface.

In our study, the feeding of lysozyme did not result
in a statistically significant difference between the cop-

roantibodies and intestinal immunoglobulins when
compared with the artificially fed control group.

Colonization of neonates with E. coli 083 resulted in
elevated coproantibody and secretory IgA levels, espe-
cially in the artificially fed infants. Breast-fed infants
are partly protected against intestinal infectious dis-
eases [24, 31]. Our results suggest that oral colonization
of neonates with nonenteropathogenic E. coli may in-
duce a better state of immunity for artificially fed in-
fants.

Summary

The influence of oral colonization with nonentero-
pathogenic E. coli strain 083 and feeding with lyso-
zyme in breast-fed and bottle-fed infants upon the pro-
duction of immunoglobulins and antibodies in serum
and stool filtrates were studied.

In colonized infants the strain E. coli 083 was de-
tected in the stool from the 2nd day after oral adminis-
tration and remained in predominance for up to 16
weeks. The serum antibody against E. coli 083 in
creased between the 4th week after colonization and.
remained higher until 16 weeks. At that age the anti
body level did not differ from the bottle-fed control
group. In breast-fed control subjects, however, the titex
remained low. IgG passively transferred from the
mother decreased slowly and from the 12th week an
increase, which was probably due to the infants’ own
production, was shown. In breast-fed control subjects,
no decrease was noticed. IgA level went up gradually
from the 4th week in all groups of infants.

The colonization and lysozyme administration did
not influence significantly the serum immunoglobulin
levels.

Coproantibody formation was detected in colonized,
artificially fed infants at 4 weeks and the maximum
level persisted to 16 weeks. In breast-fed, colonized
infants the coproantibody level was significantly
higher between 2 and 6 weeks, when compared with
control subjects.

IgM was detectable only in the artificially fed colo-
nized group from the 4th week up to 16th week in low
levels.

Secretory IgA level in breast-fed, colonized and con-
trol infants was high between 1 and 8 weeks. In bot-
tle-fed, colonized infants the increase of IgA started
from the 4th week and stayed significantly higher in
the 6th, 12th, and 16th week when compared with
control subjects.

No IgG was found in stool filtrates of any group.
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No difference in the coproantibody response was ob-

served in the lysozyme-fed group as well as in the arti-
ficially fed control group.

The artificial colonization induced a formation of

secretory IgA. This effect was masked in the breast-fed
infants because of passive transfer of this immunoglob-
ulin. The lack of IgA in bottle-fed infants was substi-
tuted by active formation caused by artificial coloniza-
tion.

(623
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