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INTRODUCTION

For over 100 years, it has been known that oral immunization can protect
against challenge by certain enteropathogenic bacteria.'® The mechanism of this
protection was unclear as most individuals did not demonstrate strong serum
agglutinins to the orally administered vaccine. Work by Davies in 1922 provided
evidence that agglutinating antibodies in stool specimens from patients with
dysentery correlated better with the disease activity than serum antibody levels.*
Following the demonstration by Tomasi et al. in 1965 that IgA was the main
antibody on mucosal surfaces, a new area of investigation was opened that led to
the elucidation of the mechanism of protection by oral vaccination.®

In order to follow the development of the local IgA-immune response, we
developed a chronically isolated ileal loop model in rabbits.® This model allowed
us to sample ileal loop secretions daily. In other studies, we immunized the
isolated segment directly with bacteria, toxins, or other macromolecules.

In the present study, we have used this model to demonstrate that a mucosal
IgA-memory response can be elicited following oral immunization with Shigella
flexneri antigen.

MATERIALS AND METHODS
Preparation of Chronically Isolated Ileal Loops

The surgical creation of ileal, Thiry-Vella loops in rabbits has been described
in detail previously.® In brief, while three to four kg New Zealand White rabbits
are anesthetized with xylazine and ketamine, a midline abdominal incision is
made and the terminal ileum is identified. A 20 cm segment of ileum containing a
grossly identifiable Peyer's patch is isolated with its vascular supply intact.
Silastic tubing (Dow-Corning) is sewn into each end of the isolated segment. This
tubing is then brought out through the midline incision and tunneled subcuta-
neously to the nape of the neck where it is exteriorized and secured. Intestinal
continuity is restored by an end-to-end anastomosis, and the midline incision is
closed in two layers.

Each day approximately two to four ml of secretions and mucous that collect
in the isolated loops are expelled by injecting 20 ml of air into one of the silastic
tubes. The slightly opaque, colorless fluid and mucous expelled from the tubing is
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studied for specific immunoglobulin content. A subsequent flush with 20 ml of
sterile saline helps to remove adherent mucous. This saline is then removed by
repeated gentle flushes of air. With proper daily care, 80%-90% of rabbits can
complete experiments lasting one to two months.

Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA procedure has been described in detail previously.”® Briefly,
microtiter wells are coated with a solution containing Shigella flexneri lipopoly-
saccharide (Westphal preparation). Immediately prior to testing serum samples or
loop secretions, the antigen solution is removed, and wells are washed with a
phosphate buffer containing Tween 20 (PT). The fluid to be assayed is diluted in
the PT buffer and incubated in the coated wells and in uncoated wells (to control
for nonspecific adsorption) for four hours on horizontal rotary shaker. The plates
are washed with PT and incubated with either alkaline phosphatase-conjugated
goat anti-rabbit IgA or staphylococcal protein A overnight on the shaker. Follow-
ing another PT wash, substrate reaction is carried out with nitrophenyl phosphate
in carbonate buffer. The OD 405 nm of the substrate reaction is determined using
a Titer Tek microELISA reader. Kinetics of the enzyme-substrate reaction are
extrapolated to 100 minutes. The OD 405 nm of uncoated wells is subtracted from
the OD 405 nm of coated wells. Specific IgG and IgA standards prepared as
described previously” are processed daily with the unknown fluids.

Bacterial Preparations

Three live Shigella strains, one acetone-killed strain, and one Westphal
lipopolysaccharide preparation containing Shigella flexneri 2a somatic antigens
were used in these studies. Shigella flexneri strain M4243 was shown to invade
the surface epithelium and to persist with ulcer formation.® Shigella X16 is a
hybrid of S. flexneri-Escherichia coli that invades surface epithelium, may form
ulcers, but does not thrive (persist) in guinea pig intestine.” S. flexneri strain
2457-0 does not form ulcers and does not invade surface epithelium.' The
preparations of acetone-killed strain M4243 (AK-M4243) and the Shigella lipopo-
lysaccharide preparations have been described previously."**

Shedding of Live Shigella

The presence of live bacteria in the stool and in loop secretions was assessed
by culturing both stool samples and loop secretions on MacConkey agar plates as
previously described."

Statistical Analysis

Statistical analysis of the data was performed in the Midas computer of the
Statistical Research Laboratory at The University of Michigan. The F-test result
and significance were determined for each group.
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RESULTS

In earlier studies, we immunized the chronically isolated ileal loops directly
with various antigen preparations. This immunization was done by injecting live
or killed antigen preparations in 4 ml of phosphate-buffered saline directly into
the isolated loops. This material was left in the loops overnight and flushed out
the next morning. Data from some of these earlier studies are summarized in
FIGURE 1. In these studies, we found that chronically isolated ileal loops
stimulated by various preparations of Shigella antigen contain considerable
secretory IgA activity, but at most, trivial IgG activity against these antigens.>*
Virtually no IgA and usually no or trivial IgG directed against Shigella flexneri
antigens were found in sera from these rabbits.

When the isolated ileal loops were immunized directly with 10° live bacteria,
in doses given on days 0, 7, and 14 (day of surgery = day —1J, there was no
significant difference in the local IgA response for the three live antigen forms
used (invasive M4243, invasive Shigella X16, noninvasive 2457-0)." As shown in
FiGURE 1, however, acetone-killed Shigella flexneri achieved a weaker local IgA
response in the isolated ileal loop secretions. The lipopolysaccharide preparation
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FIGURE 1. Mean IgA anti-shigella responses in ileal loop secretions from groups of rabbits
immunized directly in the isolated loop with 10° live M4243, X16, 2457-0, 2.5 mg of
acetone-killed M4243 per ml, or 100 ug of hot phenal-water prepared Shigella LPS. The
vertical axis expresses the net optical density (O.D.) and the horizontal axis indicates days
after first intraloop stimulation. Standard errors of mean {SEM) indicated. (D.F. Keren et
al.®* With permission from Infection and Immunity).
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FIGURE 2. Mean IgA anti-shigella responses in ileal loop secretions from rabbits immu-
nized orally with a single dose of 10 live Shigella X16 on day 0(0) or from rabbits given 10"
live Shigella X16 on days 0, 7, and 14 (®). SEM indicated. (D.F. Keren.® With permission from
the Journal of Immunology.)

(given in a dose equivalent to the amount of lipapolysaccharide in 10° bacteria)
was ineffective in achieving a significant mucosal immune response.’

Whereas our chronically isolated ileal loop model in rabbits has been useful
for following the kinetics of the local immune response to initial antigen
stimulation, it has been difficult to use this model for studying the local
IgA-anamnestic response of the bowel. First, it is difficult to maintain these
isolated ileal loops for periods longer than one month. Animals that do survive for
long periods of time (some have been kept alive with isolated ileal loops for as
long as 10 months), usually require several subsequent surgical procedures to
drain abscesses and correct abdominal problems. Further, some animals require
antibiotic therapy for various related and unrelated infections. It is obvious that
these are undesirable events in an experimental model to follow the immune
response against infectious diseases. Second, by directly immunizing the isolated
ileal loops, we are creating an extremely artificial situation. That is, if one were
immunizing a population, or if an infection were occurring naturally, the vaccine
or pathogen would pass through gastric acid, bile, pancreatic digestive enzymes,
and normal intestinal flora and food products. Any or all of the aforementioned
might alter the ability of the orally administered antigen to stimulate the mucosal
immune response.

Therefore, in order to make our model system more relevant to both the
natural infection and to a potential vaccine program for humans, we immunized
the animals orally, rather than stimulating the isolated ileal loops directly. The
local IgA response was followed by studying the secretions from the isolated ileal
loops for specific IgA activity at various times following oral immunization. The
isolated ileal loops are separated from the intestinal contents and, therefore, are
never directly exposed to the antigen.
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This approach evolves from the theory that a common mucosal immune
system exists. That such a system exists has been demonstrated by several
laboratories.'*"® If this common mucosal immune system exists, it should be
possible to create the isolated ileal loop, give an oral dose of antigen to that animal
and follow the intestinal responses in the local secretions.

Indeed, following a single oral dose of 10" live Shigella X16, the kinetics of the
local IgA response in the chronically isolated ileal loop secretions paralleled the
response seen when the loops were directly immunized with the same live
antigen (FIGURE 2).° No enhancement of this response was seen following three
doses of live oral Shigella X16. When 10" heat-killed Shigella X16 were given
orally, similar, albeit weaker, local IgA responses were seen (FIGURE 3).° In
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FIGURE 3. Mean IgA anti-shigella responses in ileal loop secretions from rabbits immu-
nized orally with a single dose of 10" heat-killed Shigella X16 on day 0 {c) or from rabbits
given 10" heat-killed Shigella X16 on days 0, 7, and 14 (#). SEM indicated. (D.F. Keren *
With permission from the Journal of Immunology.)

neither situation were there significant local IgG or serum IgG or IgA responses
directed against these bacteria.

To determine whether a local IgA-memory response could be elicited by oral
priming, a group of ten rabbits that did not have chronically isolated ileal loops
was primed by giving three weekly, oral doses of 10" live Shigella X16 to each
rabbit. The animals were rested for two months after the third dose. Then, a
chronically isolated ileal loop was surgically created in each animal and the
animals were challenged with a single oral dose of 10" live Shigella X16 on the
day after surgery.
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TABLE 1

LocAL IGA-MEMORY RESPONSE IN RABBIT ILEAL LOOP SECRETIONS AFTER ORAL PRIMING
WITH LIVE SHIGELLA X16°

Day After
Challenge* Not Primedt Live Shigella X16% Significance§ =~ F-STAT**
0 047 + .0061 .234 + 086 0026 10.077
1 041 + 012 213 + 066 .0029 9.825
2 062 + .013 499 + 134 .0001 19.205
3 047 + .014 567 + .133 .0001 19.086
4 136 + .042 1.778 + 438 .0001 27.790
5 218 + .103 1.626 + .387 .0001 23.568
6 435 + .149 1.610 + .298 0007 13.173
7 .519 + 513 1.833 + .350 .0014 11.358
8 .591 + 306 1.363 + .248 0151 6,322
10 532 + 210 .979 = .249 N.S| —

*Day 0 = Day of final antigen challenge

tAnimals given 10" live Shigella X16 orally on day 0 {n = 19}

tAnimals given 10" live Shigella X16 orally on days — 75, —68, —61 prior to oral challenge
on day 0 (n = 10)

§As determined by F-test

TResults expressed as mean optical density (0.D.) 405 nm/100 minutes + standard error of
mean (S.E.M.] of IgA antibodies specific for Shigella antigen as determined by ELISA

I N.S. = not significant (>.02 by F-test)

**F-STAT = F-test value

A striking local IgA-memory response was seen in these animals as compared
to the nonprimed animals (TASLE 1).° By contrast, the animals that received this
same dosage schedule with killed Shigella X16 followed by a challenge with a
single dose of killed Shigella, showed no evidence of a local IgA-memory
response (TABLE 2).°

TABLE 2
LACK OF IGA-MEMORY RESPONSE AFTER ORAL PRIMING WITH KILLED SHIEGELLA X16°

Day After Primed With
Challenge* Not Primedt Killed Shigella X163 Significance
0 .040 = .0081 057 + .02 N.S|
2 046 + .011 .040 + .14 N.S.
4 089 + .016 .108 + .05 N.S.
6 .140 + .031 173 + .063 N.S.
8 161 + .049 120 + .041 N.S.

*Day 0 = day of final antigen challenge

tUnprimed animals given 10" killed Shigella X16 orally on day 0 (n = 12)

$Animals orally primed with 10" killed Shigella X16 on days - 75, —68, —61 prior to oral
challenge on Day 0 (n = 11)

§Significance assessed by F-test

TResults expressed as mean optical density (0.D.) 405nm/100 minutes + S.E.M. for
Shigella antigen as determined by ELISA

[ N.S. = Not significant (>.02 by F-test)
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During these studies, some rabbits were given erythromycin for pulmonary
infections. All of the rabbits given the erythromycin developed poor local
IgA-memory responses (FIGURE 4). To see if this erythromycin effect could be
repeated, a second group of rabbits was given the regimen for the memory studies
with live Shigella X16 and then given erythromycin concurrently with the
challenge. As shown in FIGURE 4, a significantly lower IgA-memory response was
seen in the erythromycin-treated rabbits.
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FIGURE 4. Mean IgA anti-shigella response in secretions from isolated ileal loops of
rabbits primed with three oral doses of 10" live shigella on days —74, —67, and —60 and
challenged with a single oral dose on day 0 (one day after surgical creation of the isolated
ileal loop.) One group of rabbits had no exposure to erythromycin (®); the other was given
erythromycin for several days before and after the challenge dase of live Shigella X16 (o).
SEM indicated.
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DiscussIoN

In the present studies, we have used our chronically isolated ileal loop model
in rabbits as a probe to follow the local IgA-memory response of the intestine after
either oral or parenteral priming.

In our previous studies, we have shown that the intestinal secretions from
chronically isolated ileal loops directly stimulated with various Shigella prepara-
tions will contain considerable secretory IgA but no, or only little, IgG directed
against the Shigella.®®* *** The lack of locally produced IgG is not due to rapid
degradation of IgG as the isolated loops are separated from the proteolytic effects
of gastric acid, bile, and the enzymes trypsin, pepsin, and chymotrypsin.” Also,
direct stimulation of the isolated loops by Shigella antigens has resulted in little or
no systemic (serum) IgG against Shigella, unless the systemic immune response
was previously primed by a subcutaneous or intravenous dose of Shigella.”

Although direct immunization of the chronically isolated ileal loop was useful
for studying the kinetics of the local IgA response to Shigella antigens, it had
major drawbacks. First, the effects of gastric acid, bile, and pancreatic digestive
enzymes on either a natural infection or a potential oral vaccine were artifically
bypassed by directly stimulating the chronically isolated ileal loops. Second, for
studying the mucosal memory response, it was difficult to maintain chronically
isolated loops for periods lasting longer than one to two months. Therefare, in the
present study, rather than directly stimulating the isolated loops, we used the
chronically isolated loops as a probe for following the local immune response.
Because we were interested in studying the intestinal response, we chose an oral
route of immunization. Pierce has demonstrated that the site of mucosal stimula-
tion influences where the locally stimulated B-cells will lodge.”

These studies show that the kinetics of the IgA response to Shigella in our
isolated ileal loops after a single oral immunization follow the same sequence as
when the isolated loops were stimulated directly; this finding is further evidence
for the common mucosal immune system. Further, it establishes this model system
as a valid probe for events occurring locally in the intestine. We have then taken
advantage of this system to determine whether a mucosal memory response to
Shigella can be elicited by oral priming.

It is clear that we were able to achieve a mucosal memory response when live,
but not killed, Shigella X16 were used to prime and challenge the rabbits orally.

The difference between the orally administered killed Shigella and live
Shigella may be due to several factors. First, the live Shigella are able to multiply
in the intestine. We found that stool from rabbits given oral Shigella would
contain Shigella for as long as 10 days after each oral dose. No loop fluids were
found to contain Shigella. This pattern of shedding is similar to that described for
Shigella flexneri when they were administered orally to monkeys.!! Therefore,
the actual dose of Shigella X16 for animals that received live oral Shigella was
considerably greater than those that received killed Shigella. Second, Shigella
X16 is a locally invasive strain. Actual invasion of the epithelium may be
necessary for achieving or for enhancing the mucosal IgA-memory response. We
do not think that the latter is the case, because preliminary studies in our
laboratory using the noninvasive Shigella flexneri strain 2457-0 have shown a
mucosal IgA-memory response similar to that of the invasive Shigella X16. Last,
the challenge antigen may be of importance. The challenge antigen for the rabbits
primed with killed Shigella was heat-killed. It may be important to have a live
bacteria for an effective challenge. This situation may be a dose-related phenom-
enon.
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Our studies using parenteral priming have shown no mucosal IgA-memory
response in spite of the presence of systemic IgG against Shigella antigen.

Last, we record a peculiar effect of the antibiotic erythromycin on the local
IgA-memory response of orally primed rabbits. When rabbits were treated with
erythromycin at the time of their challenge dose, no local IgA-memory response
could be demonstrated in most of the rabbits. Only two of the ten rabbits studied
showed evidence of an IgA-memory response. The mechanism of action of this
effect is unclear at the present time. This effect could be of importance, however,
in any vaccine program using live, attenuated bacteria.

In summary, the present studies offer our chronically isolated ileal loop model
as a probe to follow the mucosal primary and memory responses to orally or
parenterally administered Shigella antigens. We have shown that a significant
local memory response is achievable by oral priming with live invasive, but not
with heat-killed Shigella X16. Concurrent antibiotic administration may be able
to alter the ability of animals to elicit such a mucosal memory response.
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DisCcUSSION OF THE PAPER

A.]. Huseanp (The University of Newcastle, Newcastle, Australia): We know
that IgA is intimately bound up with intestinal mucus. Did you handle your
samples in any special way to accommodate for the mucus production that
changes in isolated loops?

D. F. KeReN (The University of Michigan, Ann Arbor, Mich.): We handle all
our specimens in the same way. We immediately centrifuge them and remove the
mucus that might have some IgA bound to it. We assay the overlying clear
supernatants that we obtain from these.

HusBaND: You showed that you had IgA antibody produced in isolated,
nonimmunized loops when you immunized the intact intestine.

KEeReN: That is correct.

HusBanD: And do you propose that this is a counterpart of the common
mucosal immune system?

KEREN: Yes.

HusBaND: I would suggest that the cells that are migrating to those loops are in
transit. In the absence of antigen in those loops, they would not be induced to
proliferate and persist. Does your data support my explanation of that result, that
the IgA-antibody levels in these loops are more transient or lower in magnitude
than a loop that is directly immunized?

KEREN: It seems improbable, because the antibody that we see does seem to
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persist for at least three to four weeks, albeit, at relatively lower levels. One would
think that if antibody were just passing through the loops, that it would not persist
quite that long.

HusBAND: Does that antibody level, however, compare favorably with anti-
body levels in directly immunized loops?

KEREN: No. The antibody in the directly immunized loops was much higher.



