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INTRODUCTION

In order to provide basic information about the protective mucosal immune
responses to relevant human pathogens, our laboratory has sought to establish a strong
secretory IgA memory response in intestinal secretions against antigens present on or
secreted by Shigella. To accomplish this goal, we have used our chronically isolated ileal
(Thiry-Vella) loop model in rabbits to follow the kinetics of the IgA response (1). In
previous studies using this rabbit model, we demonstrated the existence of a secretory IgA
memory response against Shigella lipopolysaccharide antigens in intestinal secretions
following appropriate priming (2). By taking advantage of the variety of strains of Shigella
flexneri produced in the laboratory of Dr. Samuel B. Formal at the Walter Reed Army
Institute of Research, our studies established that secretory IgA memory responses could
be elicited by many different types of Shigella (3,4).

Early studies with the Thiry-Vella loop model of mucosal immunity to Shigella
antigens used the hybrid strain of S. flexneri and Escherichia coli (Shigella X16) to
establish that an IgA response could be elicited to nonpathogenic antigens and to determine
the different methods of immunization required to stimulate the mucosal versus the
systemic immune response. The Shigella X16 strain invades the surface epithelium but
does not reproduce once it is within host tissues, therefore, no ulceration is produced. By
giving this bacterium directly into isolated intestinal loops, a strong local IgA response was
produced (5). Similar responses were found with the invasive strain M4243 (which does
cause ulceration) and with a noninvasive strain 2457-0 when applied directly into the
isolated ileal loops. The presence of a Peyer's patch locally within the isolated loop and the
dosage schedule were other important factors influencing development of the mucosal
immune response (5). These early studies proved that when Thiry-Vella loops were
stimulated directly with various Shigella preparations, secretions collected from those loops
would contain considerable antigen-specific secretory IgA but little or no IgG directed
against Shigella. This was not due to rapid degradation of IgG (which is normally
destroyed quickly in intact intestine) since the isolated ileal loops were separated from the
proteolytic effects of gastric acid, bile and digestive enzymes including trypsin, pepsin and
chymotrypsin (6). Direct stimulation of the isolated loops by Shigella antigens resulted in
little or no systemic IgG against Shigella unless the systemic immune response had been
previously primed by a parenteral dose of Shigella (7). To elicit IgG in the serum, it was
necessary to give the bacteria parenterally; that route resulted in virtually no secretory IgA
anti-Shigella LPS.

To evaluate the secretory IgA memory response, we immunized rabbits orally with
three doses of live or killed Shigellaflexneri before the Thiry-Vella loops were created..
This more natural route of immunization was used to approximate the situation in
vaccinating humans. After the animals rested for two months, a chronically isolated ileal
loop was created. An oral challenge dose of live Shigella was given and secretions from
the chronically isolated ileal loops were assayed for the secretory IgA anti-Shigella LPS
response using an enzyme-linked immunosorbent assay (ELISA). The use of the Thiry-
Vella loops as a probe was based on background information about lymphocyte trafficking
after intraluminal antigen stimulation for a secretory IgA response. The initial step in
stimulation of the secretory IgA response involves phagocytosis of antigens by specialized
surface epithelial cells, M cells which are present within the epithelium overlying lymphoid
structures throughout the gastrointestinal tract (8-10). Through these M cells, antigenic
material, microorganisms and soluble proteins are brought into the underlying gut-
associated lymphoid t,isses (GALT). Once within GALT, these antigens come into contact
with precursor B-lymphoblasts which are genetically predisposed to develop secretory IgA
response (1I).



Also within GALT, the B-lymphocytes come under the influence of specific
regulatory cells, originally described as "switch T-cells" by Kawanishi et al. (12). The
latter cells encourage B-lymphocytes to alter the phenotype of their surface heavy chain
from mu chain to alpha chain. In addition, there are other helper T cells in GALT which
help B-lymphocytes mature to IgA secreting plasma cells (13-15). Although the precise
mechanism of this switch is unclear, it is known that interleukins 4 and 5 play a role in the
process (16,17). Following their stimulation in GALT, these antigen-specific B-
lymphoblasts migrate in turn to the mesenteric lymph nodes, the thoracic duct, and
eventually lodge in the spleen wherc they undergo some degree of maturation (18,19). The
final site of lodging by these B-lymphocytes may be somewhat influenced by the location
of initial antigen stimulation (20). That is, when antigens are applied directly to the
respiratory tract, the antigen-specific B-lymphocytes are more likely to return to that site
than to the gastrointestinal tract or to mammary secretions. Conversely, when antigen is
applied to sites in the gastrointestinal tract antigen-specific B-lymphocytes are more likely
to return to the gastrointestinal tract than to other mucosal surfaces. In our studies of the
mucosal memory response, we took advantage of this lymphocyte trafficking to use the
chronically isolated ileal loops as a probe for the mucosal memory response. We found
that live noninvasive shigella were as effective as virulent invasive strains of Shigella at
eliciting a secretory IgA memory response against Shigella LPS (2-4).

Having established the existence of a secretory IgA memory response to Shigella
LPS and the fact that invasive bacteria need not be used to elicit this response, we set five
major goals for the present studies. Our first goal was to examine the mechanism by which
the Shigella antigens were initially taken up by the GALT. These ultrastructural studies
indicated that avirulent strains of Shigella (even heat-killed) were taken up by the follicle-
associated epithelial M cells (21). However, virulent strains of Shigellaflexneri were able
to replicate once within this GALT epithelium resulting in destruction of the dome areas and
ulceration of the epithelium. These focal lesions may serve as the initial sites where
Shigella prefer to enter host tissues and spread laterally. The many isolated follicles present
in the colon and ileum could serve as preferential sites of entry by this microorganism.

The second goal during the past year and a half has been to examine the cellular
basis of this secretory IgA memory response. We have found that by the fourth day
following oral rechallenge, sufficient numbers of antigen-specific IgA B-lymphoblasts are
present in Peyer's patches and mesenteric lymph nodes that their secreted product in culture
can be easily detected by ELISA. These cells were so consistently found in our early
studies that we may be able to use their presence to infer establishment of a mucosal
memory response. This will allow a much more rapid evaluation of new vaccine
preparations as we could immunize large numbers of animals with potential vaccine strains
(formerly, only one or two animals could be immunized per day due to the need to
surgically create the Thiry-vella loops). After two months, the animals will be rechallenged
orally and on the fourth day following challenge lymphocytes from the mesenteric lymph
nodes and Peyer's patches will be grown in vitro to determine the capacity of the B-
lymphocytes to form an IgA memory response against the vaccine preparation.

The third goal of these studies was to examine the various specificities of the
secretory IgA response to Shigella antigens. For this, we used our rabbit loop system to
examine the secretory IgA response against Shiga toxin. Extremely strong secretory IgA
responses in intestinal secretions were elicited consistently by direct intraloop immunization
with Shiga toxin preparations provided by Dr. J. Edward Brown. At the same time,
systemic IgG responses are also elicited by this mucosal immunization route. The
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secretions from this work were used as part of the studies on the functional significance of
secretory IgA against shigella antigens (see below).

By Western blotting technique, we examined the heterogeneity of the IgA responses
against Shiga toxin. Overall, most antibodies were directed both against the A and B
subunits with the A subunit antibody predominating. Relatively weak activity was found
against other antigens. The titer of the secretory IgA response to Shiga toxin was higher
than that seen against any antigen previously used in our loop model system except for
cholera toxin (22). There are similarities between Shiga toxin and cholera toxin. Both are
heterodimers composed of A and B subunits; in both the multiple B subunits bind to
specific receptors on host epithelium, and in both the single A subunit mediates the toxic
effects of the molecule. These observations encourage the hypothesis that both cholera
toxin and Shiga toxin share a common mechanism for activating the secretory IgA
response. Since cholera toxin has been shown to serve as an adjuvant to stimulate the
mucosal immune response against other antigens co-administered or conjugated to it, we
will examine whether secretory IgA against Shiga toxin will also show such an effect.
Demonstrating that Shiga toxin is a mucosal adjuvant with a mechanism of action similar to
that of cholera toxin, will pave the way to develop mucosal immunity against virtually any
antigenic determinant by using one of these two adjuvants as carrier protein. To this end,
we have begun establishing a mouse model (see above) which will allow us to examine
both the humoral and cellular basis of the secretory IgA response against Shiga toxin.

Our fourth goal for this project was to establish a mouse model to study mucosal
immunity to Shigella antigens. For the mouse model of the secretory IgA response to Shiga
toxin, we have used the Elson technique, previously described with cholera toxin (23).
Our preliminary studies indicate that a consistent secretory IgA response is elicited in the
secretions with as little as 0.1 ml of crude Shiga toxin administered orally. The animals
also demonstrate a strong IgG anti-Shiga toxin response in the serum. Relatively little IgM
anti-Shiga toxin has been found. Future studies will concentrate on the IgA responses in
intestinal secretions. The cellular basis of this response will be easier to study in the mice
than in our rabbit model, as many monoclonal antibody preparations specific for mouse
helper and suppressor T-lymphocyte populations are available. This will greatly facilitate
future studies on the secretory IgA response against these Shigella antigens.

The fifth goal of the present work was to evaluate the biologic role of secretory IgA
responses against shigella antigens. For these studies, we examined two possible modes
of protection. The first involved using ligated loops of intestine to determine whether
secretory IgA anti-Shigella LPS from the animals immunized orally with live Shigella
would alter the uptake of the live bacteria by GALT. For the second, we examined both in
itr and in vivo model systems to determine whether secretory IgA against Shiga toxin is
able to protect from the damaging effects of this molecule in a dose dependent fashion (24).
The former studies have not been successful to date, whereas the latter have shown
secretory IgA to be most effective in preventing the effects of Shiga toxin. While
preliminary studies showed that animals receiving as many as five or six immunizations
had a decrease in the number of Shigella taken up by the GALT, a large series of studies in
which three oral immunizations were used, showed no significant difference in the uptake
of Shigella by antigen-specific secretory IgA. The current protection models are inadequate
to show uptake in a natural situation as they currently require us to use as many as 109
bacteria which likely overwhelm the immune response. In the natural infection, it is highly
unlikely that numbers anywhere near 109 cause the disease. However, in our experimental
models it has not been possible for us to have reproducible uptake of bacteria with fewer
microorganisms than this. In the future, by using the RITARD model, we may be able to
better approximate the natural infection requiring many fewer microorganisms to provide
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reproducible bacterial uptake. The studies on the ability of secretory IgA against Shiga
toxin to inhibit the toxicity of that molecule have been very successful. Both in vitro using
the HeLa cell assay and in vivo, using acute, ligated loops of intestine in rabbits, IgA anti-
shiga toxin has been able to inhibit the effects of Shiga toxin. Puture studies will be
directed to establishing an effective method to elicit a mucosal memory response to Shiga
toxin to determine the duration of the protection achieved.

These studies continue to expand our understanding of the importance of the
mucosal immune response in protection against enteropathogens and their toxic products.
By exploring the precise modes of stimulation, the types of antigen and adjuvants which
will consistently elicit mucosal memory responses and learning the ce llular basis for these
responses, we will be able to provide effective vaccines against many types of debilitating
infectious diseases of mucosal surfaces.
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BODY
I. METHODS

Preparation of Chronically Isolated Ileal Loops in Rabbits. The surgical creation of
chronically isolated ileal loops in rabbits has been described in detail previously (1).
Briefly, 3 kg New Zealand white rabbits (specific pathogen free) are anesthetized with
xylazine and ketamine. A midline abdominal incision is made and the terminal ileum is
identified. 20 cm of ileum containing a Peyer's patch is isolated with its vascular supply
intact. Silastic tubing (Dow-Coming) is sewn into each end of the isolated segment. The
free ends of the tubing are brought out through the midline incision and are tunnelled
subcutaneously to the nape of the neck where they are exteriorized and secured. Intestinal
continuity is restored by an end-to-end anastomosis. The midline incision is closed in two
layers. Each day, about 2-4 ml of secretions and mucus that collect in the ileal loop- are
expelled by injecting 20 ml of air into one of the silastic tubes. Mucus is separated from the
clear supernatant by centrifugation. The supernatant is stored at -20°C and assayed for
specific immunoglobulin content. Care of the isolated loops requires a subsequent flush
with 20 ml of sterile saline to remove adherent mucus. This saline is removed by repeated
gentle flushes of air. With proper daily care, > 90% of our rabbits have completed
experiments lasting for 2 months.

Mouse Lavage Model for Mucosal Immunity. The mouse model system is an
adaption of one used by Elson for studies of the secretory IgA response to cholera toxin.
For these studies, specific pathogen free mice were given 4 oral doses of lavage solution 15
minutes apart. Thirty minutes after the final lavage dose, a single intraperitoneal dose of
0. lmg pilocarpine was given. Pilocarpine encourages the mouse intestine to secrete large
volumes of fluid. The mice are placed on wire mesh over beakers containing 3ml of
protease inhibitor solution (soybean trypsin inhibitor in 50mM EDTA). Intestinal fluid and
feces, and saliva, were collected over 30 minutes. The fluid collected is brought up to 5 ml
volume with PBS and vortexed. After centrifuging the fluid at 650 X g for 10 minutes,
10gl of 100mM PMSF in 95% ethanol were added per ml of supernatant. The sample was
then centrifuged 27,000 X g at 40 C for 20 minutes and the supernatant was saved. Again
10ul of PMSF in 95% ethanol and 10gl of 1% NaN3 were added along with 50ul of fetal
calf serum to each ml of the final supernatant. Samples were stored at -20 0 C until time of
assay. Blood samples were taken from the animals by retroorbital bleeding.

Enzyme-linked Immunosorbent Assay (ELISA). Microtiter wells are coated with a
solution containing the antigen of interest. For studies on Shiga toxin, we use the purified
Shiga toxin preparation (see below) and for experiments on Shigella antigens, we have
used a Westphal (hot phenol-water) extraction from Shigellaflexneri. Concentration of the
coating antigen is empirically determined with each new preparation of antigen. Standard
IgG and IgA positive and negative samples are run with each new antigen preparation to
ensure continuity from one lot to the next. Immediately prior to testing serum samples,
loop secretions or mouse intestinal secretions, the antigen solution is removed and wells are
washed with a phosphate-buffered saline solution (PBS) containing 0.05% Tween 20
(PT). The fluid to be assayed is diluted in the PT buffer and incubated in the coated and
uncoated wells (the latter control for nonspecific adsorption) for 4 hours. The plates are
washed with PT and incubated with either alkaline phosphatase-conjugated sheep anti-
rabbit IgA, sheep anti-rabbit IgG (both isotype specific via affinity column purification in
our laboratory as previously described (25)), or monoclonal anti-mouse IgG, IgA or IgM
conjugated with alkaline phosphatase (Cappel). After a second incubation of 4 hours, the
wells are again washed with PT and the substrate reaction is carried out with p-nitrophenyl
phosphate in carbonate buffer pH 9.8. The kinetics of the enzyme-substrate reaction are
extrapolated to 100 minutes. For the Shiga toxin assays, results are expressed as titer
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using a standard as previously described (26). Spocific IgG and IgA standards are
processed on each plate with the unknown fluids as previously described (25,26). The
data are analyzed using the RS I integrated software system. Data are presented as titers or
as geometric means. For each day's results, the variance is expressed together with the
mean.

Antigen Preparations Used. Two major preparations of Shigellaflexneri are used
in the present studies: 1) Shigellaflexneri M4243A 1. This strain lacks the 140 megadalton
virulence plasmid and is not able to invade the surface epithelium. 2) Shigella X16. This
is a hybrid of S.flexneri and E. coli which is able to invade the mucosa, does possess the
140 megadalton virulence plasmid, but does not persist within the epithelium following
uptake *. Shiga toxin antigen preparations include a crude and purified preparation
provided by Dr. J. Edward Brown. The crude preparation is a lysate of Shigella
dysenteriae type 1 which has been passed over a diethylaminoethyl cellulose column. This
preparation had 104-5 CD50/ml. The purified preparation, also provided by Dr. Brown,
has been affinity- purified as described previously (27). Polyacrylamide gel
electrophoresis and Western blotting of this preparation discloses two major bands
consisting of the A and B subunits. A mine-- band, possibly a fragment of the A subunit,
has been found on Western blotting of this preparation with specific antibodies made
against the crude preparation.

In Vivo Assay for Uptake of Shigella by Follicle-Associated Epithelium and Villi.
To determine the relationship between the virulence of the microorganism and the uptake of
the bacteria by the follicle-associated epithelium, an in vivo assay procedure was employed.
Isolated acute ileal loops 10 cm in length were created in specific pathogen free New
Zealand bred white rabbits. A single dose containing, 2 x 109 Shigellaflexneri was injected
into this acute loop. At 90 minutes and at 18 hours, these loops were removed and samples
were fixed for histologic investigation by electron microscopy and light microscopy. For
light microscopy, the sections were fixed in absolute ethanol and stained with Giemsa. For
each time period, at least 10 sections of Peyer's patch and adjacent villi were examined for
attachment and uptake of the Shigella. Histologically, these sections were divided into 2
areas: 1) the follicle-associated epithelium overlying the dome areas in Peyer's patches
(known to be enriched in "M" cells); 2) villi which were outside of the Peyer's patch area.
Evaluation was performed usin& oil immersion light microscopy. Since the normal flora of
the rabbit ileum contains < 10 microorganisms, for statistical purposes, < 0.01% of the
flora visualized were from other microorganisms. Further, the Shigella have a
characteristic size and shape which under the circumstances of the this study were readily
recognizable. The Bioquant Biometrics Image Analyzer (Nashville, Tennessee) with an
IBM computer was used to measure the actual length in millimeters of the lining epithelium
over the villi and over the dome regions of the Peyer's patches. The average of 100 fields
for dome and villus areas from representative rabbits was calculated. This allowed us to
express data as bacteria/mm 2 of surface epithelium. Therefore, a direct relationship of
villus surface area to follicle-associated epithelium surface area was established, allowing
for comparisons. Electron microscopy was performed on some sections demonstrating the
characteristic rod-shaped structure and typical "M" cell location.

Mononuclear Cell Isolation. At time of sacrifice, rabbits from various
immunization groups had peripheral blood, Peyer's patches, mesenteric lymph nodes,
spleen and axillary lymph nodes removed under aseptic conditions. For the peripheral
blood, the buffy coat was placed on lymphocyte separation medium and centrifuged at 400
x g at room temperature for 30 minutes. The cells at the interface were removed,
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characterized and used as mononuclear cell preparations. Tissues were cut into 1 cm 3

fragments with a sterile blade and placed on sterile wire mesh. The cells were carefully
teased apart and passed through steel mesh. This material was centrifuged at 400 x g at
room temperature for 7 minutes. The pellet was gently resuspended and washed twice in
RPMI 1640 medium. The total cells and viability were determined and a Wright stain
preparation was examined to secure the differential count of the isolated cells.

In Vitro Mononuclear Cell Cultures. l05 mononuclear cells were added to each

row of a 96 well, polystyrene microtest III tissue culture plate with flat bottom wells

(Becton Dickenson). Cultures were placed in a humidified, 5% CO2 37 C incubator. At
the times indicated in the result section, the supernarant medium from 3 wells for each
tissue was aspirated, and cell debris was removed by centrifugation at 400 x g for 15
minutes, and the supernatants were stored at -20 0 C. Assays were performed using the
above described ELISA technique for Shigella LPS.

Electron Microscopy. Tissues for study were minced to approximately 1 mm3 and
fixed in 3% gluteraldahyde-formaldehyde in 0.1 M cacodylate buffer, pH 7.3. The
samples were postfixed in 2% osmium tetroxide. After staining en block with 2% uranyl
acetate, tissues were dehydrated in alcohol and embedded in epon. One micron thick
sections were cut and stained with toluidine blue and examined for uptake of Shigella.
Follicle-associated epithelial cells which contained Shigella were identified and thin sections
(approximately 800 Angstrom's thick) were cut from these areas on a Porter-Blum MT-2
ultramicrotome. These thin sections were stained with lead citrate and examined with a
Zeiss 109 transmission electron microscope. Photomicrographs were taken of the
characteristic rod-shaped bacilli in the M cells.

Acute Loop Protection Studies. New Zealand white rabbits (specific pathogen free)
are anesthetized with xylazine and ketamine. A midline abdominal incision is made and the
terminal ileum is identified. A series of 5 cm segments from the mid-jejunum to the mid-
ileum were created. Double 4.0 silk ligatures were placed between each segment to prevent
leakage from one segment to another. Solutions to be tested for toxin or antitoxin activity
were injected into the loops in the doses indicated. The midlire incision was closed in two
layers and the animals were allowed to rest for 18 hours. At time of sacrifice, the fluid
contents of the loops were measured.

Cytotoxicity Assay. Shiga toxin activity was determined by examining the extent of
HeLa cell damage by a previously described assay (28). Briefly, HeLa cell monolayers
were g,'own in 96 well microtiter plates. For the assay, a standard crude toxin lysate of S.
dysenteriae was incubated with serial dilutions of loop fluids for 30 minutes at room
temperature. This mixture was placed onto the HeLa cell monolayer and allowed to
incubate overnight at room temperature. The monolayers were then stained with crystal
violet dissolved in 50% ethanol-I% sodium dodecyl sulfate, and the O.D. 620 nm was
determined for each well. The dye remaining in each well correlates with the percentage of
cell remaining adherent to the microtiter dishes. O.D. 620 nm of wells containing the
standard toxin alone were averaged and that value plus two standard deviations was defined
as the end point titer of loop fluids for neutralization of the cytotoxicity of the toxin
preparation. All dilutions of loop fluid which gave an O.D. 620 in the assay greater than
this value were scored as positive.

Immunodetection on Nitrocellulose Blots. Samples are subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis according to Laemmli (29). The initial
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gel contains 12.6% acrylamide with a 3% acrylamide stacking gel. Molecular weight
markers are applied to the gel as well as the sample of interest. Electrophoretic transfer of
proteins is carried out as described by Towbin et al. (30) and Bumette (31). Proteins are
electrophoretically transferred to nitrocellulose paper for 2.5 hours at constant voltage (60
V). After transfer, reactive sites remaining on the nitrocellulose are blocked by soaking the
paper in tris-buffered saline containing .05% Tween 20 and 3% gelatin. This paper is
reacted for 1 hour at 370 C with strips coated with either serum or loop fluid with reactivity
to Shiga toxin. Following a gentle wash procedure, alkaline phosphatase-conjugated
antibodies monospecific for rabbit IgG or IgA are added for 1 hour at 370C. The substrate
reaction allows visualization of the specific bands.
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II. Results and Dis .ussion

A. Studies on the Initial Antigen Processing of Different Shigella Preparations by the
Intestine. The first goal of thc present studies was to complete our examination of the
initial uptake of different preparations of Shigellaflexneri by the intestine. In the previous
study period, we reported results of the uptake of live bacteria; now, the studies using heat-
killed bacteria have been completed. With this work, we sought to determine how S.
flexneri were taken up by the surface M cells which overlie lymphoid follicles in the gut.
This initial uptake is important for development of the mucosal immune response to the
Shigella antigens.

For these studies, segments of intestine were isolated as outlined in the methods
section. Each group contained five rabbits (Table 1) to ensure reproducibility of the model.
The bacteria listed in Table 1 were injected directly into each loop at time zero and at 30
minutes, 90 minutes and 18 hours; acute loops were removed and examined by both
electron and light microscopy.

Table 1. Strains of Shigella flexneri Used
for M Cell Uptake Studies in Rabbit Loops

1 2 3 4
Rabbit GrouD S. flexneri strain Plasmid UIce M-Cell Sereny

1 M4243 + + + +
2 X16 + - + -

3 2457-0 + - + -

4 M4243A1 - - + -

5 Heat-Killed M4243 + - + -

1. Presence of 140 megadalton virulence plasmid.
2. Mucosal ulceration produced in acute loops.
3. Uptake by M-cell demonstrated ultrastructurally.
4. Virulence demonstrated by Sereny test in guinea pigs.

For light microscopy, frozen sections were cut at 4 microns and stained with
Giemsa. Ten sections were cut from each loop, for each time period. Therefore, 50 slides
for each strain of bacteria, for each time period, were examined. All the slides were coded
so that the observer would not know the time point or the particular animal or strain of
shigella being examined. The number of shigella within both the follicle-associated
epithelium overlying Peyer's patches and the villus epithelium were counted.

To determine the number of bacteria per unit area, the specimens were standardized
using a Bioquant image analyzer. This allowed us to express our results as number of
bacteria taken-up per micron of epithelium (figure 1). It also allowed us to correlate the
uptake over isolated follicles with that over surface epithelium.
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Figure 1. Photograph of the measurement of a dome region on the Bioquant image
analyzer.

As shown in figure 2, this work has indicated that heat-killed Shigella were taken-
up to a similar extent as that of nonpathogenic strains of shigella. On average,l.6
bacteria/mm 2 of surface epithelium were found in the follicle-associated epithelium, while
ten-fold fewer bacteria were present in the adjacent villus epithelium. Therefore, the
follicle-associated epithelium preferentially ingests both live and killed shigella. No
evidence of ulceration was seen in any of the acute loops given the heat-killed shigella.
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M4243 X16 2457--0 M4243A KM4243

SHIGELLA FLEXNERI STRAINS

Figure 2. Uptake of S. flexneri measured on image analyzer. Follicle associated
epithelium (FAE) over dome regions and villus epithelium (VE) were measured separately.
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The presence of the bacteria in M cells was confirmed by examining electron
microscopic fields of both villus and follicle-associated epithelium. Because light
microscopy had shown that the major uptake of Shigella had occurred by 90 minutes,
samples from this time period were examined. Denatured (heat-killed) Shigella were found
within phagocytic vesicles of M cells in the follicle-associated epithelium.

The tissue damage at the 18 hour time period was correlated with the degree of
uptake by the M cells in the follicle-associated epithelium (figure 3). All of the rabbits
given pathogenic S. flexneri M4243 had ulcerations of isolated follicles and Peyer's patch
follicles at 18 hours. In marked contrast, none of the animals given nonpathogenic or heat-
killed Shigella had evidence of ulceration or even microulceration at this time.

% " $..', .

Figure 3. Follicle-associated epithelium with ulcerations over each dome area from the 18
hour study on a rabbit given S.flexneri M4243. Adjacent villi, though damaged are mainly
intact.

In the acute loops given pathogenic S. flexneri M4243, evidence of damage to the
villus epithelium was observed, but, no ulcerations were seen. There was mucus depletion
and occasional focal acute inflammation. These findings indicated that S. flexneri is
initially engulfed by the M cells wherein they multiply and eventually result in focal
ulceration. Both nonpathogenic strains and heat-killed strains are processed by the M cells,
which may explain the ability of these nonpathogenic strains to elicit a mucosal immune
response against the S. flexneri LPS antigens. It is not clear why the heat-killed strain,
which is taken-up in similar numbers as the live nonpathogenic strains, has proven to be
incapable of priming animals for a mucosal memory response in our previous studies (2,3).
It may be that the heat treatment damages antigens necessary for the appropriate stimulation
of mucosal immunity.



B. Location of Shigella Antigen-specific Lymphocytes following Oral and Parenteral
Priming. Our past studies have established that oral priming with either live pathogenic or
nonpathogenic Shigella will consistently result in the stimulation of a secretory IgA
memory response to subsequent oral challenge with live Shigella (2,3). Unfortunately,
performance of these studies is a slow process requiring surgical preparation of chronically
isolated ileal loops in rabbits and following the immune responses from these animals for
several months. Only one or two rabbits can be prepared daily, and all the animals require
daily care; this limits to 20-30 the number of animals which one can have in the colony. If
we had a better understanding of the cellular basis of the mucosal memory response, it
would be possible to streamline the testing of new potential vaccine strains by looking only
at the specific cellular responses. To this end we have begun studies to determine the
cellular basis of the secretory IgA memory response to S.flexneri antigens.

There is relatively little information available on the growth of rabbit gut-associated
lymphoid cells in vitro, and the production of antigen-specific IgA by these cells.
Therefore, we wished to explore both the native production of IgA anti-Shigella LPS by
these cells and the effect of common mitogens such as PHA and PWM on this response.
Our previous project had established the optimal concentrations of Con A and PWM to use
in these studies.

Previous studies had shown that following three oral doses of the noninvasive S.
flexneri M4243A I (lacking the 140 megadalton virulence plasmid), animals were primed
for a mucosal memory response (32) The rabbits were then allowed to rest for 60 days. A
single oral challenge dose with the same bacteria was give, and on days 1, 3, 4, 5, 6, and
10 following this, the rabbits were sacrificed and the Peyer's patches, mesenteric lymph
nodes, and spleen were separated into single cell suspensions. These suspensions were
grown in tissue culture with ow without concanavalin A or pokeweed mitogen (using the
previously determined optimal mitogenic doses). These cultures were maintained for as
long as 3 weeks with samples of the supematants assayed at various days to determine the
specific immunoglobulin production. In addition, a procedure was set up on the RS1
software system for handling the large volume of data which was generated by these
studies.

By day 3 following oral challenge with the live S. flexneri M4243A1, the
lymphocytes from the Peyer's patches and the mesenteric lymph nodes contained
considerable amounts of IgA anti-Shigella LPS (figures 4-7). Only lymphocytes from the
spleen were found to produce significant amounts of IgG anti-Shigella LPS.
Corresponding cells from control rabbits given only the single oral challenge prior to
sacrifice produced virtually no IgA or IgG directed against Shigella LPS in cultures of the
Peyer's patches, mesenteric lymph nodes, spleen or peripheral blood.
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Anti-Shigmill LPS IgA Activity of
Peyer'e Patch Cells 21 Days in Culture
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Figure 4. igA anti-Shigella LPS response in culture supernatants from Peyer's Patch
lymphocytes removed on the indicated day after oral challenge with live S. flenxeri.Responses in medium only, or with mitogens Con A or Pokeweed mitogen (PWM are
noted).
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Anti-Shigelle LPS IgA Production by
Mesenteric Lymph Node Cell. 21 Days in Culture
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Figure 5. IgA anti-Shigella LPS response in culture supernatants from mesenteric lymph
node lymphocytes removed on the indicated day after oral challenge with live S.flenxeri.
Responses in medium only, or with mitogens Con A or Pokeweed mitogen (PWM are
noted).
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Figure 6. IgA anti-Shigella LPS response in culture supernatants from splenic
lymphocytes removed on the indicated day after oral challenge with live S. flenxeri.
Responses in medium only, or with mitogens Con A or Pokeweed mitogen (PWM are
noted).
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The mitogens gave inconsistent results in our studies. In some rabbits, the
mitogens gave an increase in the IgA response, such as the day 10 response from the
Peyer's patches shown in figure 4. However, sometimes, the mitogens gave a weaker
response such as the day 6 PWM response for the Peyer's patch cells. In one group of
rabbits, we performed a mitogen dose response study for Con A and PWM on the specific
IgA responses of their cell populations. Assays of cell supernatants from cultures receiving
doses of Con A from 0.1 to 1.0 gig/ml, showed no specific pattern of reactivity. On day 14
in culture, the greatest anti-Shigella LPS response was seen with 5 jig/ml. We believe that
the mitogens are probably not having a significant effect on the system and the variation we
see is just reflecting the heterogeneity of the lymphoid population itself. Therefore, we
have decided to eliminate mitogens from future cultures in favor of having more cells for
replicate cultures. This will allow us to better estimate the variation between cultures in an
individual rabbit.

A second series of rabbits was immunized with the same triple oral dose of live S.
flexneri M4243A 1 that the first group received. We wished to determine the degree of
reproducibility of this in vitro assay system. This second group of rabbits showed the
same overall reactivity of the Peyer's patch and mesenteric lymph node cells on day 4
following the subsequent oral rechallenge. This indicates that the in vitro model would be a
reasonable method for use in quickly and efficiently evaluating the potential of vaccine
strains of Shigella to develop a secretory IgA memory response.

C. Heterogeneity of Mucosal and Systemic anti-Shigella Responses. In the past, we have
exclusively used ELISA on Shigella LPS (Westphal preparations) to study the secretory
IgA responses. This technique limits our ability to have a detailed understanding of the key
antigens involved in eliciting a strong secretory IgA response. Therefore, in the present
studies on anti-Shigella LPS and anti-Shiga toxin responses, we will be using the Western
blot assay to better determine key antigenic determinants which may be responsible for the
secretory IgA responses seen.

During this period, we have developed the SDS-polyacrylamide gel electrophoresis
and Western blot techniques for use with our model systems. We have developed our own
mixture of molecular weight standards for the gels which include: lysozyme, beta-
lactoglobulin, carbonic anhydrase, ovalbumin, bovine serum albumin and phosphorylase
b. These cover the range of molecular weights from 14,000 to 96,000. The bacterial cell
antigen preparations are made by boiling the cells for 5 minutes in phosphate buffer
containing l%d SDS, 10% glycerol and 5pM PMSF.

We have used this assay in recently completed studies on the IgA response to Shiga
toxin. As shown in figure 8, this response is mainly against the A and B subunits,
although other reactivities are seen. The prominence of the reaction against the A and B
subunits suggests that Shiga toxin may be a particularly strong mucosal stimulant. As
discussed in the next section, the strength of the mucosal immune response to Shiga toxin
is matched only by previous studies with cholera toxin in our laboratory.
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Figure 8. Western blot demonstrating specificities of IgA and IgG anti-Shiga toxin. IgA
preparations from loop secretions. IgG preparations from rabbit serum.

D. Mouse Model for Mucosal Immunity to Shigella Antigens. While the chronically
isolated ileal loop model in rabbits has allowed us to characterize many of the important
variables involved in stimulating the mucosal memory response to S. flexneri, the outbred
nature of the rabbit has limited the depth to which we could study the observed reactions.
We are limited in terms of available reagents, genetic details of immune responsiveness and
in the heterogeneity of the responses elicited. Furthermore, the lack of histocompatability
prevents cross culture experiments with our available in vitro systems. Therefore, during
this first year and a half, we have established a mouse model for examining the secretory
IgA response to Shigella antigens. We have chosen Shiga toxin to study, as little is known
about the mucosal immune response to this molecule and our preliminary studies in rabbits
indicate that it may be a strong mucosal immunogen. Further, the antibody response to
this antigen may protect against its toxic effects (see next section).

This first group of mice were given Shiga toxin according to the dosage schedule in
Table 2. Mice #1,2, and 3 were given orogastrically 0.lml of partially purified Shiga toxin
(post-DEAE) in 0.4 ml saline and 0.5 ml of sodium bicarbonate. Mice # 4,5, and 6 were
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given 0.5 ml Shiga toxin diluted in sodium bicarbonate. Unfortunately, due to the
unfamiliarity with the technique, two animals died within the first week of the study.

Table 2. Dose Schedule for Oral Immunization
of Mice with Crude Shiga Toxin Preparation.

1 .2
Mouse Group Dose Given Days Given

Low Dose O.1ml Shiga toxin 0, 7, 14

High Dose 0.5ml Shiga toxin 0, 7, 14

1. Preparation of Crude Shiga toxin as described in Methods
mixed with .2mM Na HCO3 and saline.
For low dose group, .lml Shiga toxin mixed with 0.5ml of
0.2mM NaHCO 3 and saline.
For high dose group, 0.5ml Shiga toxin mixed with 0.5ml of
0.2mM NaHCO and saline.
Doses were divided and given 15 minutes apart.

2. Day of first immunization = Day 0.

An ELISA for specific IgG, IgA and IgM mouse antibodies to Shiga toxin was
developed. Mouse IgG, IgA, and IgM (Sigma Chemical) were reconstituted in 2.5 ml of
PBS to a concentration of 2mg/ml and electrophroresed on a high resolution agarose
system. Each preparation contained only one major band (a small second band was seen in
the IgM preparation). The mouse immunoglobulin preparations were used to coat
microtiter plates for the ELISA. The cross-reactivity of these reagents as shown in figure 9
indicates that the anti-IgA and anti-IgG reagents are relatively specific when reacted with
IgG or IgA, but that they cross-react somewhat with the IgM-coated wells. The anti-IgM
reagent shows slight cross-reactivity with the IgA- and IgG-coated wells. To eliminate this
cross reactivity of the anti-IgG and -IgA reagents with IgM, we added a 1/2000 dilution of
IgM to both antisera.
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Figure 9. Development of isotype specific mouse immunoglobulin ELISA.

To determine the anti-ST content of the loop secretions, purified Shiga toxin
preparations from Dr. J. Edward Brown were used to coat the microtiter wells. The
concentration was 20ug/ml as used in the rabbit loop studies (see later). The secretions
were diluted 1:2 in PTA and assayed by the ELISA as described in the Methods section.
As shown in figure 10, both the low and high oral doses of crude Shiga toxin were able to
stimulate a secretory IgA anti-Shiga toxin response. No lgG or IgM anti-Shiga toxin were
detected in the secretions from these two animals.
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Figure 10. Anti-Shiga toxin response following oral immunization with low or high dose
of the crude Shiga toxin preparations (see text).

At the same time, the serum from these mice diluted 1:40 in PTA had high titers of
IgG anti-Shiga toxin activity with less IgA and almost no significant increase in IgM anti-
Shiga toxin levels (figure 11).
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Figure 11. Anti-Shiga toxin response in serum from animals immunized orally with either
low or high dose of crude Shiga toxin (see text).
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The dichotomy between serum and secretory immunoglobulins in the results from
these two groups of mice are the same as we and others have seen previously with such
antigens as cholera toxin. Following oral immunization a strong local secretory IgA
response is found with little or no IgG anti-Shiga toxin activity. At the same time, there is
a high titer of IgG anti-Shiga toxin in the serum with only a small amount of IgA anti-Shiga
toxin. Interestingly, while the secretions showed a higher level of activity of the IgA anti-
Shiga toxin with the higher oral dose, the opposite effect was seen in the serum humoral
immune response.

At the present time, however, these results only represent a few animals and
considerably more work needs to be done before firm conclusions can be made. However,
these extremely promising preliminary results indicate that the mouse model will be quite
useful for studies of the mucosal immune response to Shiga toxin and possibly to other
Shigella antigens.

E. Biolo2ic Role of Secretory 12A Response to Shigella Antgens.
Two studics on the biologic effect of specific secretory IgA against shigella antigens

have been completed at the present time. The first involves study of the ability of secretory
IgA anti-Shigella LPS to interfere with the binding and uptake of live, virulent S.flexneri
in an acutely ligated segment of intestine. The second demonstrates both in vitro and in
vivo the ability of secretory IgA against Shiga toxin to interfere with the cytotoxic effects of
that molecule.

1. Role of Secretory IgA to interfere with uptake of live S. flexneri by the intestinal
epithelium. Based on the results of the studies conducted in our laboratory on the uptake of
S. flexneri by follicle-associated epithelium, we inferred that the replication of these
bacteria within these epithelial cells inexorablr, follows their entry into the cytoplasLi.
Therefore, preventing the initial entry, or decreasing the number of bacteria permitted to
enter the epithelial cells should interfere with the damag - to the surface epithelium. In a
preliminary study, two rabbits were immunized with three oral doses of 10I live S.flexveri
2457-0 given once a week, and allowed to rest for two weeks. However, due to a
difficulty in securing a consistently invasive strain (as shown by the Sereny test), we had to
wait several weeks before conducting the protection studies. During this time, we gave
three more booster doses to these rabbits. When a virulent strain of S. flexneri became
available, we ligated loops of intestine in these two rabbits and in an unimmunized rabbit as
a control. The control rabbit showed a dilated loop with bloody secretions after 18 hours.
In marked contrast, there was no evidence of blood in the two immunized rabbits, although
there was a watery fluid secretion in these loops. Histologically, the 18 hour loops from
the control rabbit showed ulcerations over all the Peyer's patch dome areas with blood in
:he lumen. The immunized rabbits had rare ulcers with some dome regions completely
intact. At the 90 minute time period, there was an 8-10 fold difference i. the uptake of the
bacteria by the surface epith.lium in the immune and nonimmune animals.

With this preliminary information, we created five groups of rabbits (2
rabbits in each group) to determine the effect of prior immunization on the uptake of the
shigella (Table 3)
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Table 3. Dose Schedule for Shigella Uptake Study
1

Grouo Antigen Given Dose Days Given

I S. flexneri2457-O 8 0,7,14,35
II S. flexneriM4243Al 108 0,7,14,35

III Shigella X16 108 0,7,14,35
IV Culture Media 108 0,7,14,35
V Heat-Killed S. flexneri 1 08 0,7,14,35

1. Antigen given via orogastric tube.

On day 42, an acute loop study was conducted using 108 live S. flexneri
M4243 injected directly into the isolated loops. The results shown in Table 4 indicate that
there was no detectable protection in any of the groups. These results were contradictory to
the preliminary studies. However, during the preliminary studies, we gave two more
immunizing doses, and there was concern about the level of virulence of the strain of
shigella used in the final assay. On evaluating the results, we identified two key factors
which may have contributed to the lack of protection. First, the dose of virulent M4243
used (2 X 109) was very likely too high to allow demonstration of the protective ability.
This many bacteria in the limited surface area of the ligated loop were probably able to
overcome the secretory IgA which was present. Unfortunately, when we attempted to use
fewer bacteria as a challenge, the amount of uptake of the shigella was too inconsistent to
measure. Secondly, the periods examined (90 minutes and 18 hours) may have been far
too long. These times were used because our previous study showed that uptake can
readily be observed at these times using both ultrastructure and Giemsa staining (21).
However, the initial attachment of the shigella occurs much sooner than this (likely prior to
30 minutes). Therefore, by looking at later time points, we have prejudiced the study in
favor of eventual invasion by the slhigella.
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1
Table 4. Uptake of Shigella in Rabbits Immunized

Orally with Different Shigella Preparations

Bacteria2Uptake at 90 Minutes
Antigen for Immunization Balra2Utk t2 iue

Dome Regions Villus Regions

Culture Broth 2.79 (0.12) 0.62 (0.08)
Culture Broth 2.27 (0.04) 0.38 (0.03)
S. flexneri 2457-Q 8.35 (0.37) 1.33 (0.19)
S. flexneri 2457-0 7.36 (0.53) 0.85 (0.24)
S. flexneri M4243A1 3.95 (0.09) 0.61 (0.06)
S. flexneri M4243A1 5.06 (1.04) 0.77 (0.28)
Shigella X16 1.61 (0.01) 0.29 (0.01)
Shigella X16 3.26 (0.35) 0.53 (0.10)
Heat-killed Shigella 4.27 (0.18) 0.91 (0.09)
Heat-killed Shigella 0.76 (0.17) 0.23 (0.08)

1. Animals immunized as described in Table 3. Invasive S. flexneri
M4243 used to challenge the isolated loops (see text).

2. Uptake expressed as numbers of bacteria completely within host
epithelial cells with standard error of means indicated.

In future studies, we believe the use of a RITARD system would allow us to use
much more physiologic doses (from the human disease viewpoint) and would give us a
better assessment of the role that secretory IgA plays in protection against uptake of
shigella.

2. Role of Secretory IgA to Protect against the Cytotoxic Effects of Shiga Toxin.
Our studies on the mucosal immune response to Shiga toxin and its functional significance
were carried out in collaboration with Dr. J. Edward Brown. His laboratory provided the
Shiga toxin preparations and performed the below listed HeLa cell assay. All the rabbit
studies, immunizations and protection studies were performed in our laboratory.

Although the role of Shiga toxin in dysentery is unknown, it is cytotoxic to HeLa
cells , causes fluid secretion in rabbit intestine and is lethal when injected parenteraily to
rabbits or mice (28,33).

For the present study, five rabbits were inoculated directly into chronically isolated
ileal loops (see Methods section) on the day of surgery (day 0) and on days 7 and 14
postsurgery. They were given 0.5ml of crude shiga toxin preparation (see Methods
section) in 4 ml of saline. Intestinal secretions were collected daily and blood samples were
collected weekly. A new ELISA for shiga toxin was created for these studies. While the
technical details of the assay are the same as detailed in the Methods section, a four point
standard curve was assayed on each plate with the unknown samples. The reciprocal of the
dilution giving an O.D. reading between the two lowest values on the standard curve was
defined as the titer.
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As shown in figure 12, a significant increase in the mean IgG anti-Shiga toxin titer
over the day 0 value was detectable in serum by day 7 after the first intraloop
immunization. This titer rose after the third dose on day 14 and did not change
significantly through the end of the study period on day 30. In contrast to the high titer of
IgG anti-Shiga toxin in the serum, only trivial amounts were detected in the loop secretions
(figure 12). Thus only a small amount of serum IgG anti-Shiga toxin finds its way into the
loop secretions (our previous studies have shown good stability of IgG in the chronically
isolated ileal loops).

IgG anti-Shiga toxin in Serum and Secretions
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Figure 12. IgG anti-Shiga toxin in animals immunized orally with crude Shiga toxin.

The IgA anti-Shiga toxin titer in the serum of these rabbits was lower than the IgA
titer in secretions (figure 12). A significant (P<.01) increase in IgA anti-Shiga toxin titer of
the serum over the day 0 values was seen by day 14. In the loop secretions, as early as day
2, a weak but significant (P<.05) increase in the IgA anti-Shiga toxin titer was seen (figure
12). The content of IgA anti-Shiga toxin declined on the day after the third intraloop dose
(day 14), but had another striking increase three days later. After this peak on day 18, the
mean IgA anti-Shiga toxin titer slowly declined, although it never dropped below the level
of activity seen after the second intraloop dose on day 7. It is possible that the slight
decline in IgA titer seen the day following each booster immunization reflects the presence
of free toxin in the loop which binds to the specific IgA. Alternatively, Shiga toxin may
interfere with local antibody synthesis or secretion of IgA into the gut lumen.
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Figure 12. IgA anti-Shiga toxin in animals immunized orally with crude Shiga toxin.

To assess the in vitro Shiga toxin neutralizing activity of intestinal loop secretions, a
HeLa cell assay was performed. For this assay, HeLa cell monolayers were grown in 96
well microtiter plates and a standard crude toxin lysate of S. dysenteriae was incubated with
serial dilutions of loop fluids for 30 minutes at room temperature. This mixture was placed
onto the HeLa cell monolayer and allowed to incubate overnight at room temperature. The
monolayers were then stained with crystal violet and the O.D. 620nm was determined for
each well. The dye remaining in each well correlates with the percentage of cells remaining
adherent to the microtiter dishes (28). O.D. 620 nm of wells containing the standard toxin
alone were averaged and that value plus two standard deviations was defined as the end
point titer of loop fluids for neutralization of the cytotoxicity of the toxin preparation. All
loop fluids which gave an O.D. 620nm in the assay greater than this value were scored as
positive.

The Mean Shiga toxin neutralizing activity in the HeLa cell assay is depicted in
figure 13. The curve in figure 13 shows the same basic triphasic response as the IgA anti-
Shiga toxin in loop secretions from tigure 12. The correlation coefficient of the mean IgA
activity in secretions with the mean toxin neutralization titer was .928 while the correlation
of the IgG level in secretions with the mean toxin neutralization titer was only .116.
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Figure 13. Anti-Shiga toxin activity in vitro of loop secretions from animals given oral
immunization with crude Shiga toxin.

To assess the in vivo Shiga toxin neutralizing activity of intestinal loop secretions,
an acute loop protection model was devised. Pooled loop secretions from rabbits with high
titer IgA anti-Shiga toxin activity as determined by ELISA were diluted 1:2 in saline and
mixed with an equal volume of a 1:256 dilution of crude toxin. This was injected into 5 cm
isolated segments of ileum in unimmunized rabbits. This dose of toxin was chosen as it
consistently elicited fluid accumulation when given to acutely ligated loops. As controls,
toxin was mixed with secretions from nonimmune animals or saline and injected into other
loops in the same rabbit. After 18 hours, the animals were sacrificed and the volume of
fluid in each segment was measured.

Pooled loop secretions from animals immunized with Shiga toxin reduced toxin-
induced fluid accumulation in the acutely ligated rabbit intestine. Secretions with no
detectable IgA or IgG-anti-Shiga toxin by ELISA had no inhibitory effect on the Shiga
toxin-induced fluid production by rabbit intestine (figure 14). The heterogeneity shown by
the standard errors of the means reflects the differential response of the genetically diverse
outbred rabbits used in these studies. Even with this degree of heterogeneity, the
difference between the fluid production in loops protected with immune secretions and
those given nonimmune secretions was highly significant (P<.01).
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Figure 14. Anti-Shiga toxin activity in vivo of loop secretions from animals given oral
immunization with crude Shiga toxin.

These findings indicate that a strong secretory IgA mucosal immune response can
be elicited to Shiga toxin and suggest that such antibodies could interfere with the toxic
effects both in vitro and in vivo.

CONCLUSIONS

These studies demonstrate several major characteristics of the local secretory IgA
response to shigella antigens. First, a major route of uptake of the intact shigella is by the
M cells which lie in the follicle-associated epithelium overlying lymphoid follicles
throughout the gastrointestinal tract. When the S. flenxeri taken up are virulent, they
proliferate within these cells eventually producing ulceration at these sites. The presence of
many such follicles in the colon and the terminal ileum may explain the frequency of focal
ulcerations at these sites in clinical dysentery. Ideally, one would wish to interfere with the
initial adherence of the shigella to the surface epithelium to prevent clinical disease. Since
our previous studies have shown a strong secretory IgA memory response in intestinal
secretions following oral immunization with live, attenuated strains, we sought to use intact
rabbits as a model system to evaluate the ability of secretory IgA to interfere with the uptake
and ulcerations which occur. For these studies, we performed preliminary investigations
with rabbits given several oral doses of live, attenuated strains of shigella. However, in
order to obtain reproducible uptake and ulcerations, large doses of shigella were required.
This, of course, contrasts with the human situation were only small numbers of shigella
can produce clinical dysenetery. Therefore, we were not able to demonstrate protection
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with the vaccinated animals. During the next period, we will be using the RITARD model
to determine the minimal effective dose of shigella. When we obtain pathologic effects
with doses more approximating the human situation, we will repeat the protection trial
studies.

The cellular basis for the mucosal memory response is a key parameter to establish
in order to expedite future trials of potential vaccine strains and to provide an understanding
of the mechanisms involved in stimulating mucosal memory to enteropathogens. These
studies are proceeding ahead of schedule. We have established cell cultures from Peyer's
patches, mesenteric lymph nodes, spleen and peripheral blood from animals given various
immunization regimens with attenuated strains of S. flexneri. From these studies, it is clear
that by the third day following oral rechallenge, memory B cells are present within the
Peyer's patches and mesenteric lymph nodes. In unimmunized animals, virtually no
antigen-specific response is found on these days after oral challenge. Further, by this time,
the cells are already committed to synthesize the IgA isotype. Studies during the next
period will examine the T cell regulation of this response (as it is known from other studies
that the IgA response is highly T cell dependent).

We have examined the heterogeneity of the secretory IgA response against Shiga
toxin. These studies have demonstrated for the first time that a strong secretory IgA
response can be elicited to Shiga toxin and that this response can protect both in vivo and in
vitro against the toxic effects of that molecule. These findings have also established Shiga
toxin as a potential mucosal adjuvant which may be used to augment the mucosal immune
response to other antigens. Only cholera toxin has given such a strong secretory IgA
response in our rabbit model system.

A mouse model system to evaluate the mucosal immune response to shigella
antigens has been established. The lavage system in mice has been refined to the point
where we can expect 80-90% of animals to survive experiments lasting for one month.
The initial data indicate that a strong secretory IgA response to Shiga toxin is elicited and
that the level of the response seems to be dose dependent. We will continue to use the
mouse model to evaluate the ability of Shiga toxin to act as a mucosal adjuvant. Further,
by establishing the mouse model against shigella antigens, many monoclonal reagents and
inbred strains are now available which allows us to dissect more precisely the cellular basis
of the secretory immune response to shigella antigens.

In summary, these studies have provided much needed information on how to
stimulate the mucosal memory response to shigella antigens. While this work has obvious
practical implications to shigella many of the findings, especially the possible role of Shiga
toxin as a mucosal adjuvant, have potential application to other enteropathogenic infections
is also provides basic details about the secretory IgA memory response and its functional
significance. Information about the cellular basis of the mucosal memory response will
allow us to test potential vaccine strains against a wide variety of infectious agents in a
fraction of the time and expense previously required by the reliable, but slow and costly
Thiry-Vella loop technique. During the next year and a half, we will complete the
evaluation of the cellular basis for the memory response in rabbits, will establish in detail
the mouse model for mucosal immunity and will determine whether Shiga toxin can serve
as a mucosal adjuvant to enhance the secretory IgA response against other enteropathogens.
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W1hereas tile 'lout IisC strinis anid oute heat-killed stil i ll' pteleieiitial pin til of entiI 5lii p:itltiigeic intel oot uaiiisiiis
SC. cx:icr stUdied h~as drinatically, differetnt insasiVe and suIch as N. lb's nc lIndeed 0Ittltrs llas e proposedL thle MI cell
\irulence potenltiak., all ive preparations hai, C beenI found to as it portal of entry for intestinal palhogens 5., 7. 14. 17. 201.
elicit significant niutcosalI immune I csponses' ill our pies iolls 27) andI c\ ci tile iiiiioi, %,~iltseiiic it its (2,). 1 tit.
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epithehum or of' the presence of' thle 14(-megadalton vim- ullcer initiation inl shigellosis.
fence plasmid (11. 13-). We predicted that all three sho01ld be It \,ill be important to deteriiine w hetlier the uptake of'
samlpled with eqlual elliCiettey' b)\ tile suirfa'ce epithelia[ MI virlenclt stigcllae bi, thle epithliuiti ovelil n %Is nploitl
cells,.The lindings in the present stulds are consistent withi follicles call be ieseitedlc ht, thle produictionl of aittigeil.
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existence of- these antigens inl thle luliteit: alternatively.
memivory cells nmay bie stimulated by) epitopes which \\~ etc I LRV I. CI FEAI~)
destroyecd bv the heat treatmnrt. I1. Illocknian. 1). F.. and NI. 1). Coopewr. 11)73. I'ino \to sis 11
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strains or lte tecat-killed NI-124; straiin, there wkas aI sigilii- ' C'tnc siiid\ . Ai. \i~ .1 l. 1(0:4t1 .tttt
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Intestinal Mucosal Immune Defense Mechanisms

David F Keren. M.D.

The intestinal mucosal immune defense mechanisms in- The discovery that IgA is the main antibody on
volve both humoral and cellular immunity. The promi- mucosal surfaces provided the key to beginning de-
nence of suppressor/cvtotoxic T lymphocytes in the epi- finitive work to understand the biology of the mu-
thelial layer suggests that these interepithelial lympho-
cytes play a role in defense against infections within this cosal immune system (I). While many tissues
layer. Secretory IgA is overwhelmingly the major hu- (bronchial mucosa. mammary glands, conjunctiva.
moral immune response along the gastrointestinal tract genitourinarv tract, etc.) are involved in mucosal
and along other mucosal surfaces (respiratory tract. immunity. the gastrointestinal tract is the major site
mammary glands. salivary glands. and lacrimal glands). of antigenic stimulation and immune response for
While the functions of secretory IgA are incompletely
understood, it is clear that it prevents attachment of mi- secretory IgA (2).
croorganisms and toxins (cholera toxin. shiga toxin. etc.) It is well known that parenteral administration of
to the surface epithelial cells. Furthermore. secretory antigenic material results in the formation of a sys-
IgA may collaborate with eosinophils or killer lympho- temic immune response directed to that antigen.
cytes to mediate cytotoxic reactions against entero- Depending on the antigen, its dose. and the genetic
pathogens. By learning more about the mucosal immune
response. we should be able to understand the relation- capabilities of the animal. a humoral or cellular im-
ship between the lamina propria plasmacytosis in inflam- mune response will result. Yet, despite the fact that
matory bowel disease and the increased number of inter- the plasma cells in the lamina propria of the gut
epithelial lymphocytes that we see in gluten-sensitive en- constitute the largest collection of plasma cells in
teropathy and the underlying pathogenic mechanisms. the body, it is not well known that antigenic mate-
Key Words: Secretory IgA-Mucosal immunity-Vac-
cine-Immunosuppression-Gut-associated lymphoid rial that passes along the gastrointestinal tract also
tissue-Peyer's patch-Isolated lymphoid follicle-M elicits an immune response. The response is not,
cell-AIDS. however. usually manifest by a strong systemic
Am J Surg Pathol 12(Suppl 1): 100-105. 1988. (IgG) immunity to the antigen; rather there is a

local secretory IgA response with some, as yet
poorly defined, local cellular component. Further, a
dichotomy exists between systemic and mucosal
humoral immunity, such that stimulation of one
often results in suppression of the other. Current
experimental vaccine trials are attempting to im-
prove mucosal immunity to pathogens and their
toxic products which gain access through mucosal
surfaces (mainly gastrointestinal and respiratory)
(3).

ANTIGEN PROCESSING IN THE GUT

Initial processing of antigens for stimulating a
mucosal immune response is thought to occur in
one of several major structures of the gut-asso-

From the Department of Pathology. University of Michigan, ciated lymphoid tissue (GALT). These consist of
Ann Arbor, Michigan. Peyer's patches, isolated lymphoid follicles, the ap-

Address correspondence and reprint requests to Dr. D. es
Keren. Associate Professor of Pathology. Department of Pa- pendix, and mesenteric lymph nodes. These struc-
thology, University of Michigan. Ann Arbor. 48109. U.S.A. tures have in common the presence of lymphocytes
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that have different functional capabilities from lym- lumen. M cells can sample small proteins and com-
phocytes located in peripheral lymph nodes. plex microorganisms (6.8). This sampling of antigen

Primordial lymphoid structures are first detected might not always be beneficial to the host. Some
along the intestine about halfway through gestation. viruses and pathogenic bacteria are known to thrive
At birth, Peyer's patches have the greatest &usity after ingestion by an M cell (10) (Fig. 2). Along
of any proliferating lymphoid cells in the body (4). these lines, it has been suggested that M cells in
After birth. there is a marked increase in number of rectal follicles may serve as the portal of entry for
Peyer's patches reflecting the initial response of the the AIDS virus during anal intercourse (1I).
host immune system to the wide variety of environ- Another cell that may collect luminal microor-
mental antigens that pass through the gastrointes- ganisms is the Paneth cell. Much less is known
tinal tract. That this increase is related largely to about this cell than about the M cell. However, it is
microorganisms is supported by the finding that clear that the Paneth cell hyperplasia, which occurs
germ-free animals have Peyer's patches that are in blind loop syndrome and in models u'Ing isolated
quite small, but that enlarge when the animals are intestinal loops, is related to intestinal bacterial
exposed to microorganisms. Further. the number of overgrowth (12). Furthermore. these cells have
lamina propria plasma cells is also known to be af- been shown to be phagocytic both in vivo and in
fected by antibiotic administration in animals, a vitro, suggesting that they respond to microor-
factor most likely related to decrease of intestinal ganisms in the gut (13). Paneth cells are also known
flora (5). to contain lysozyme, which probably serves an an-

The epithelium overlying gut lymphoid tissues tibacterial function (13). The lack of a close rela-
contains a population of epithelial cells that are spe- tionship between Paneth cells and lymphoid fol-
cialized in their ability to take up luminal antigens licles makes a protective role more likely than an
and transport them to underlying lymphocytes. antigen-processing role for these cells.
These cells are termed M cells, which is meant to After mucosal antigens are sampled by M cells,
indicate that they form a thin membranous barrier the antigen is transferred to underlying lymphoid
between the lumen and the underlying lymphoid tissues where it is processed to stimulate the mu-
populations (6). M cells have been detected over cosal immune response. GALT contains several
Peyer's patches, isolated lymphoid follicles, and key populations of lymphocytes which differ in
the appendix (7-9). Further. the specialized epithe- functional capabilities from their counterparts in
lium overlying lymphoid follicles has few goblet peripheral lymph nodes. Precursor B lymphocytes
cells and an abundance of interepithelial lympho- with surface IgM or IgD predominate. They will
cytes (Fig. 1). Mucus in goblet cells would likely preferentially mature to become IgA-secreting
interfere with initial attachment to M cells of micro- plasma cells (14). While some of the capabilities of
organisms and other antigenic material in the gut these IgA precursor B lymphocytes may be in-

FIG. 1. This photomicrograph de-
picts the follicle-associated epi-
thelium over the dome area of an
ileal Peyer's patch in a rabbit. The
animal had ingested colloidal
carbon for several hours prior to
obtaining this section. Note the
attachment of the carbon to the
surface epithelium (arrows) and
uptake by the specialized epithe-
lium (arrows). Relatively little
carbon is adherent to the adja-
cent villus epithelium (at right).
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FIG. 2. This electron micrograph shows uptake of Shigella flexneri by an M cell over
a Peyer's patch. Such uptake of pathogens by M cells may serve as a portal for entry
of some infectious agents. (lead citrate, u ranyl acetate, x 7,300).

herent in their genetic programming, their matura- (15). Because of this apparent role, these cells have
tion is profoundly influenced by T lymphocytes been termed sivitch T cells. Another population of
present within GALT. T cells in GALT have been identified that can help

Several immunoregulatory T lymphocytes have B lymphocytes bearing surface IgA to differentiate
been described in G ALT. By growing clones of T into IgA-secreting plasma cells (16). It is not yet
lymphocytes from Peyers patches and the spleen, clear whether switch T cells and helper T cells per-
Kawanishi et al. were able to demonstrate the exis- form their functions locally in GALT or whether
tence of a population of T cells that would alter the they circulate and influence the B cells at the ma-
surface immunoglobulin expression of the Peyer's ture in the spleen or other structures. In addition to
patch B lymphocytes form 1gM to IgA (Table 1) helper cells for the IgA response. a population of

suppressor T cells that inhibits production of sys-
temic immunity to orally administered antigens are

TABLE 1. Effect of switch T cell clone on Peyer's present ( 17.18). It is thought that these cells may
patch B cell surface isoitype expression prevent development of potentially damaging local

PP B cells Arthus reactions to the manyv antigens present in
plus the gut lumen. Last. a population of cells that op-

Surface Ig pBcl swutch T clonen pose the mtTects of' suppressor T cells has recently
h nni tr mbeen described. These contraSUppressor cells in-

gM 31 6 31.4 hibit Suppressor T cells and also seem to encourage
lgG 16,0 11 7 h eeomn o'h g stp through mecha-gA 4 5 43.6 t de e th p s pe

nisms that are not et understood (19). The end re-
Data summarized from Kawanishi et al (15). Peyer's patch sut of this stimulation is deelopment of plasma

(PP) B lymphocytes were treated with lipopolysaccharire.
When switch T cells were added, a tenfold increase was cells which csntain immunoglobulins that react to
found in percentage of cells expressing IgA. antigens in the gut lumen.
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LYMPHOCYTE TRAFFICKING AFTER response in intestinal secretions is seen in about a
GALT STIMULATION \xeek to 10 days (26). Ho\Aever. one can prime an-

After antigen has stimulated IgA-precursor B imals with mulitple immunizing oral doses of live
lymphocytes, the B cells leave GALT and begin 4 microorganism to give a more rapid. mucosal
long journey during which they continue the matu- memory response within 4 days of rechallenge (24).
ration process begun in GALT. First. they travel Although the response is seen best with live an-
through the lymphatic drainage to mesenteric tigen. the microorganisms need not be invasive.
lymph nodes and then to the thoracic duct f 14.20). and similar responses have been described with im-
The cells mature further in the spleen where they munogens such as cholera toxin which have spe-
come under the influence of helper T cells for stim- cific binding properties (27). Thus far, it has been
ulating the IgA response and suppressor T cells to difficult to elicit vigorcus mucosal immune re-
inhibit the IgG and IgM responses to the luminal sponses to killed microorganisms or chemically in-
antigen described above (20). Thereafter, these nocuous molecules such as bovine serum albumin.
cells migrate through the systemic circulation to a
variety of mucosal surfaces including those of the MECHANISMS BY WHICH SECRETROY IgA
gut. bronchial mucosa. salivary glands. mammary PROVIDES PROTECTION
glands. conjunctiva, and genitourinary mucosa
(2.39). Human infants usually lack immunoglobulin-con-

The reason for this circuitous route is hypothe- taining cells in their intestinal lamina propria for the
sized to be the arming of all mucosal surfaces first week of life. but by the second week. IgM-
against an antigen present in the environment. Neo- containing cells predominate, although some IgA-
nates" paltry defenses are considerably aided by the containing plasma cells are present (Table 2) (28).
secretory IgA in the breast milk. Studies in new- After the child is I month of age. IgA assumes its
born nurseries have found that babies fed breast role as the main immunoglobulin of lamina propria
milk have a significantly lower rate of enterotox- plasma cells. Relatively few (about 10%) IgG-con-
igenic E. coli diarrhea compared with their coun- taining plasma cells are normally present in the gut.
terparts who are fed only formula: this probably re- The relationship between these cells and mucosal
flects the presence of antibodies to maternal co- antigens is apparent by observing that during active
Ionic flora in the milk (21). Similar protection has inflammatory events, such as active ulcerative co-
been demonstrated against cholera in breast-fed litis, increase in all three isotypes of plasma cells is
children (22). Indeed. in classic experiments per- commonly seen (29).
formed a century ago, Ehrlich demonstrated that Although the mechanisms by which secretory
suckling mice from mothers immunized orally to IgA protect the gut lumen from enteropathogens
the toxin ricin were protected against potentially are incompletely understood, some roles for secre-
lethal doses of the toxin (23). Presumably. the pro- tory IgA are clear. The major protective effect of
tection was due to secretory IgA in the milk di- secretory IgA results from combination of IgA
rected to the ricin. with microorganisms and their toxic products in the

It is not completely settled whether antigen in the gut lumen, thereby inhibiting attachment of these
gut lumen attracts the IgA precursor B lympho- agents to the intestinal epithelium (30.31). Others
cytes. Studies employing isolated ileal (Thiry-Vella) have shown, however, that IgA can mediate anti-
loops in rabbits have shown that mucosal immunity body-dependent cell-mediated cytotoxicity
can be detected in loop secretions even when no (ADCC)-like killing with enteropathogens (Shi-
antigen was directly applied to the loops (24). kella and Salmonella). Last, there is some evidence
Therefore, the oral stimulation serves to arm a wide
variety of mucosal surfaces, especially the gut.
against antigens readily sampled from the environ- TABLE 2. Plasma cell development in the
ment. However, it is clear from other work that lamina propria
while all mucosal surfaces may be armed by an oral Age IgA IgM IgG
dose of antigen. there seems to be preferential dem- (mo) plasma cells plasma cells plasma cells
onstration of antigen-specific secretory IgA at the 01 14 26 5
initial site of antigen administration (25). 1-3 112 53 4

The total time for this journey of B lymphocytes 3-6 163 59 6
from the GALT back to the mucosa is about 4-6 6-24 408 137 54
days. When one stimulates an animal for the first Data from Perkkio and Savilahti (28). Values are cells per
time with oral administration of antigen, a modest high-power field.
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that IgA can activate complement mainly via the pable of cytotoxic function. A similar collaboration
alternative pathway (32.33). However, the signifi- has been shown in experimental animals for dealing
cance of such activation in the gut lumen is unclear with intestinal parasites (38).
at the present time.

FUTURE DIRECTIONS FOR MUCOSAL

CELL-MEDIATED IMMUNITY IN THE IMMUNITY RESEARCH
GASTROINTESTINAL TRACT The potentials of the mucosal immune response

In addition to humoral immunity, cell-mediated are only beginning to be understood. As better
immunity is a part of the mucosal defense system. methods to purify populations of mucosal lymphoid
With the use of monoclonal antibodies and immu- cells from biopsy material become available, we
nohistochemistry, it has been possible to charac- will be able to begin to understand the role of the
terize the lymphoid cells in specific anatomic com- hyperplastic lymphoid tissues in many gastrointes-
partments. By using these techniques. it became tinal inflammatory conditions. For instance, do the
clear that interepithelial (IELs) and lamina propria plasma cells in the lamina propria of inflammatory
lymphocytes (LPLs) are distinctive populations. bowel disease patients play a role in the pathogen-
The vast majority of IELs in humans are T lympho- esis of that condition'? Or are they merely re-
cytes. which express surface antigens associated sponding to the luminal contents to which GALT is
with suppressor/cytotoxic T cells (CD8 [formerly exposed following epithelial damage from some as
T8 or Leu 2a]) (Table 3) (34,35). IELs have been yet unidentified agent'? Does the antigen processing
shown to be capable of several types of cytotoxic (M cell) mechanism of the mucosal immune system
activity including ADCC, spontaneous cell-me- offer some clues to the pathogenesis of enteric in-
diated cytotoxicity (SCMC). and mitogen-induced fections and some experimental models of colonic
cellular cytotoxicity (MICC) (36,37). With such ca- neoplasia? Last, can we exploit the mucosal im-
pabilities. it is likely that IELs play a role in de- mune response for the purpose of developing oral
fense against viral infections of epithelial cells along vaccines to enteropathogens, toxins, and carcin-
the gastrointestinal tract. ogens that routinely pass through the gastrointes-

The LPLs have the same 2:1 helper:suppressor tinal tract'? 03

(CD4:CD8) phenotype as do lymphocytes in the pe- Acknowledgment: Supported in part by U.S. Army
ripheral blood (34,35). There is good evidence from Medical Research and Development Contract DAMD
studies of human colonic mucosa that the LPLs 17-85-C-5006.
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Achieving a vigorous secretory immunoglobulin A (IgA) response in intestinal secretions usually requires
multiple doses of antigen given orally, while systemic immunity is more easily attained by parenteral
immunization. This study examines the role of combined parenteral and oral immunizations to enhance the
early mucosal immune response to an enteropathogen. We have used a chronically isolated intestinal-loop
model in rabbits as a probe to monitor kinetically the initial (primary) local immune response to shigella
lipopolysaccharide (LPS) following combinations of parenteral immunization intramuscularly (i.m.( and oral
stimulation with shigellae. Predictably, effective stimulation of systemic immunity was elicited when heat-killed
preparations of Shigella sp. strain X16 were given i.m., as shown by strong serum IgG and weak intestinal IgA
activity to shigella LPS. A single oral dose of live Shigella sp. strain X16 given to unprimed rabbits elicited only
a typical weak IgA response in intestinal secretions. However, when an i.m. dose of heat-killed shigellae was
followed I day later by an oral dose of live Shigella sp. strain X16, a hyperstimulation of the early secretory
IgA response was elicited, and the response reached levels found previously only after multiple oral
administrations of live shigellae. This stimulation did not require the use of an adjuvant. At the same time, the
animals receiving this combined oral and i.m. regimen had a lower IgG antishigella LPS activity in serum
compared with their response after receiving parenteral antigen in adjuvant alone. These findings indicate that
while a dichotomy exists between the systemic and mucosal immune responses. careful orchestration of the
stimulatory events can promote a vigorous early local IgA response.

Since the mucosal immune system lies at the portal of tive in enhancing mucosal immunity (17, 40). A notable
entry for enteropathogens. many recent studies have con- exception is the use of intraperitoneal priming, which prob-
centrated on methods to prime the intestinal mucosa against ably causes some direct stimulation of mucosal immunity
these agents. Many approaches have been successful, but (26. 27). In the present studies, we demonstrate that giving
they usually require several weeks to achieve strong local the animals a parenteral priming with heat-killed shigellae I
immunoglobulin A (IgA) responses. Stimulation of the intes- day before the oral dose of live shigellae results in an
tinal mucosal immune response to enteropathogens typically enhanced early IgA antishigella response measurable in
can be achieved by giving multiple oral doses of the antigen intestinal secretions.
preparation or by the use of intraperitoneal priming with
adjuvant. These strategies will evoke production of detect-
able levels of antigen-specific IgA in intestinal secretions or MATERIALS AND METHODS

antigen-reactive cells in the lamina propria (3, 4, 8, 12. Preparation of chronically isolated Heal loops in rabbits.
30-32, 37, 40). The surgical procedure for isolating ileal loops in rabbits has

Recently, several groups using such immunization sched- been detailed previously (11). Briefly, while anesthetized,
ules have documented the existence of a secretory IgA 3-kg New Zealand White rabbits have a 20-cm segment of
mucosal memory response to enteropathogens and their ileum containing a grossly identifiable Peyer's patch isolated
toxic products in the gastrointestinal tract (1. 13-15. 19, 26). with its vascular supply intact. Silastic tubing (Dow Coming
The mucosal memory responses are characterized by a more Corp.. Midland, Mich.) is sewn into each end of the isolated
rapid and vigorous rise in the local IgA activity in response segment, and the free ends are tunnelled subcutaneously to
to oral challenge with antigen in primed animals than in the nape of the neck, where they are exteriorized and
unprimed animals. To achieve these high levels of IgA secured. Intestinal continuity is restored by an end-to-end
activity in secretions, multiple doses of antigen, often over a anastomosis.
period of several weeks, are usually required. Further, in our About 2 ml of secretions and mucus that collect in the ileal
work with Shigella flexneri. live antigen given orally was loops is expelled daily by injecting 20 ml o" air into one of the
able to prime the animals for a mucosal memory response silastic tubes. The slightly opaque, colorless fluid is stored at
(13-15). -20°C until time of assay.

Attempts to enhance secretory IgA responses have in- 20Cutlimofasy
cludepts lten e foro y theaigren.othes rue and Immunization. Shigella sp. strain X16. a hybrid of Esche-

cluded altering the form of the antigen, the route and richia co/i and S. flexneri which is capable of mucosal
schedule of administration and the adjuvants used 15n 26. invasion but does not persist in tissues and does not cause
Some workers have employed combinations of parenteral dysentery, was used for all studies (5). Heat-killed Shigella
injections of antigen and oral stimulation (6, 20. 29). Most sp. strain X16 was prepared by boiling overnight broth
often. priming of animals by parenteral immunization several cultures for 10 min. To ensure nonviability. sample cultures
days to weeks before mucosal stimulation has been ineffec- were streaked onto MacConkey agar and checked for over-

night growth.
Corresponding author. Rabbits were immunized by the schedule outlined in Table
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TABLE 1. Immunization schedule dards were normalized and the values of the unknown
Group n Antigen" Route Da% specimens were corrected to these normalized standards

(10). By comparing results from quantitative precipitation
1 Heat-killed Pe0ers patch" I) assays, this assay system detected 1.3 ng of specific antibody

2 10 Live Oral' 0 per ml and had coefficients of variation of 3.6 and 9% for IgG
3 10 Heat-killed Intramuscular -1 antishigella LPS and IgA antishigella LPS. respectively (10).

Live Oral' 0 The data are presented as geometric means, since other
4 11 Heat-killed. in CFA Intramuscular' - I workers have noted that such a presentation better reflects

Live Oral' 0
; 1t Heat-killed, in CFA Intramuscular' - the logarithmic kinetics of the local immune response after

immunization 128). The kinetics were calculated by using the
All doses contained 10'" shigellae ISheelta p. strain X16). logon of each value for each rabbit to determine the mean.
Antigen injected into each of five Pever , patches including the one in the standard deviation, and standard error of the mean. For each

isolated ileal loop.
Given under mild anesthesia via nasogastric cannula. day. the log,, of the standard error of the mean was added
d Given with CFA. and subtracted from the mean log of specific immunoglobulin

activity; antilogs of these three values were then obtained to
give the geometric mean and upper and lower limits of

1. As in previous studies, the isolated ileal loops were variance about that mean. Data were statistically analyzed
created on the day prior to oral antigen administration with the RS1 interactive data analysis system. Differences
(13-15). Although the isolated segments were not directly between groups on specific days were tested for significance
exposed to antigen. secretions from these loops accurately by the Student t test.
reflected the specific IgA content of the intestine due to
lymphocyte recirculation (13-15). For oral immunization. RESULTS
the rabbits were lightly anesthetized, an orogastric tube was Immunogenicity of heat-killed shigellae. Previous studies
positioned, and the indicated dose of Shigella sp. strain X16 with this model system have demonstrated that oral admin-
was administered. Parenteral immunization was performed istration of live shigellae is effective in stimulating both a
by intramuscular injections at multiple sites over the hips primary and a memory mucosal response; however, heat-
with the heat-killed shigellae, with or without complete killed shigellae have been totally ineffective in stimulating a
Freund adjuvant (CFA) as indicated, memory mucosal response (13-15). To determine whether

For immunization directly into Peyer's patches, animals the heat-treated preparations can be effective stimulants for
were anesthetized, and. under aseptic conditions, a midline a mucosal immune response, a single dose of 1010 heat-killed
abdominal incision was made: the small intestine was gently cells of Shigella sp. strain X16 was injected directly into
pulled out. and Peyer's patches were identified from the each of five Peyer's patches (0.2 ml per Peyer's patch) at the
serosal surface. A 25-gauge needle was used to inject the time of the surgical procedure to create a chronically isolated
heat-killed bacteria just beneath the serosal surface covering ileal loop in the group 1 animals. The Peyer's patch in the
the Peyer's patches. isolated loop was one of those injected in each case. By day

Enzyme-linked immunosorbent assay. A previously de- 4 after surgery, all seven of the rabbits so treated developed
scribed enzyme-linked immunosorbent assay for detecting significant increases (P < 0.01) in the IgA antishigella LPS
rabbit IgG and IgA antibodies to bacterial products was used activity in their loop secretions over day 0 values (Fig. 1).
to detect specific antibody activity in intestinal-loop secre- Weak IgG activity in response to shigella LPS was detected
tions and serum (10). Briefly, polystyrene microdilution in only a few secretions (Fig. 1).
wells were coated with 0.1 mi of a solution containing 10 Rg The specific antibody activities in the serum were the
of Shigella sp. strain X16 lipopolysaccharide (LPS) West- opposite of those in the intestinal secretions. The IgG
phal preparation per ml as previously characterized (10).
Immediately before the serum or intestinal secretions were 1 .0
tested, the LPS solution was removed and the wells were
washed with phosphate-buffered saline (pH 7.2) containing
0.1% Tween 20. The sample to be assayed was diluted 1/20 G
in this buffer and incubated in both LPS-coated wells and E

uncoated wells (to control for nonspecific adsorption) for 4
h. After the wells were washed with the buffer, solutions E
containing either alkaline phosphatase-conjugated goat anti- T

rabbit IgA or alkaline phosphatase-conjugated goat anti- R 0. 5
rabbit IgG (affinity column purified and shown to be mono- C
specific by enzyme-linked immunosorbent assay [101) were M
added to the wells and left overnight at room temperature. E
After an additional wash with buffer, the substrate reaction A
was carried out with nitrophenyl phosphate in carbonate N
buffer Q1 mg/mll. The kinetics of the enzyme-substrate
reaction were extrapolated to 10() min. 'he optical density at 0 0
405 nm of uncoated wells measured on a Titertek Multiscan 0 5 10 15 20 25

MicroELISA Reader IFlow Laboratories. Inc.. McLean, ovS AFTER INTRAPaTCH INJECTION
Va.) was subtracted from the optical density at 405 nm of the FIG. 1. Geometric mean IgA antishigella LPS () and IgG
coated wells. Standard solutions of IgG and IgA anti-Shi- antishigella LPS E0) responses in isolated ileal-loop secretions from
gella sp. strain X16 LPS were prepared as described previ- rabbits given a single injection of heat-killed shigellae into their
ously (10) and processed daily with the unknown samples. Pever's patches on day 0. Standard errors of the means are
To minimize day-to-day variation, the results of the stan- indicated.
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TABLE 2. Serum lgG and lgA activity to shigella LP'S from o

rabbits given antigen directly into Peyer's patches

Anti-LPS acttsttv'
Days postlmmunization" -

IgA IgG 0

6-7 0.263 (0.228-0.3051 0.479 (0.363-4).630) E

8-14 0.268 (0.239-0.299) 1.038 (0.922-1.165) T

15-21 o.206 (0.199-4).213) 0.927 (0.814-1.058) 0
22-28 0.192 (0.184-0.200) 0.824 (0.570-1.193) T

Data not available for preimmunization. For comparison. Tables 3 and 4
show values of 0.018 and 0.017 for IgA and 0.015 and 0.026 as geometric E
means of unimmunized rabbits. A

" Data expressed as geometric means with variances as described in N

Materials and Methods.

antishigella LPS activity quickly increased to an overall 00 5 10 5 20 2

geometric mean of 1.038. which did not significantly decline oaye After IWUnlzatian
by the end of the study on day 28 (Table 2). The serum IgA FIG. 3. Geometric mean IgG antishigella LPS responses in iso-
activity in response to shigella LPS was weak throughout the lated ilea-loop secretions from the two groups of rabbits used for
study (Table 2). This indicates that the heat-killed shigella Fig. 2. Symbols are defined in the legend to Fig. 2. Standard errors
preparation is immunogenic for both the systemic IgG and of the means are indicated.
local IgA response following immunization directly into
Peyer's patches. 2). However. a significantly stronger local IgA response was

Immune responses following oral stimulation with live Shi- found on day 10 in these rabbits compared with the response
gella sp. strain X16. Group 2 rabbits received a single oral in animals receiving only a single oral dose of live shigellae
dose of 10" live cells of Shigella sp. strain X16. This group (Fig. 2. group 2). The IgA antishigella activity reached by
of rabbits showed the kinetics typical of a primary local IgA day 10 in rabbits given both parenteral and oral immuniza-
response (Fig. 2) (13). The first significant increase in the IgA tions was also stronger than that seen in rabbits which had
antishigella LPS activity over preimmunization values was antigen injected directly into the Peyer's patches (group 1).
found on day 6. with the response peaking on day 8. These IgG antishigella activity was consistently found in intesti-
findings are similar to those we have previously reported nal secretions from these group 3 rabbits (Fig. 3). This
concerning the response following single immunization with response was more variable than the secretory IgA re-
live invasive or even noninvasive shigellae (26. 30). No lgG sponse, but the kinetics paralleled those of the primary
antishigella LPS activity was found in the intestinal secre- secretory IgA response. By day 6 after oral immunization,
tions (Fig. 3). Further, no IgG or IgA activity in response to the IgG antishigella in secretions had increased significantly
shigellae was detected in the serum. over day 0 values, and the response peaked on day 12 (Fig.

Immune responses following combined parenteral immuni- 3).
zation with heat-killed Shigeila sp. strain X16 and oral immu- Immune responses following parenteral stimulation with
nization with live Shigela sp. strain X16. In group 3. the heat-killed Shigella sp. strain X16 in CFA and oral immuni-
kinetics of the development of the local IgA response zation with live Shigela X16. Since CFA has been used to
followed those of a primary mucosal immune response (Fig. enhance and prolong both systemic and mucosal immune

responses, the group 4 rabbits were used to determine
0.o whether CFA given with the heat-killed antigen would

enhance or prolong the secretory IgA response to Shigella
sp. strain X16 when the combined parenteral and oral

Simmunization schedule was followed. As in the group 3
rabbits, a vigorous secretory IgA response was found in
intestinal secretions and was significantly stronger by day 10
than that seen with the single oral dose of live shigellae (Fig.

rT 4). There was, however, no enhancement or extension of the
1 0.3. IgA activity compared with that of the group 3 animals.
C Animals which were given only parenteral heat-killed shigel-
4 Tlae in CFA (group 5) gave a weak variable response which
C lagged behind the primary IgA response seen after a single
£ Toral dose of live shigellae (Fig. 4).

Weak IgG antishigella activity was found in secretions of
both the group 4 and the group 5 rabbits (Fig. 5). despite the

o ofact that these animals had high serum igG activity in
0 5 to Is 20 25 30 response to shigellae (Tables 3 and 4). Following a single

OVyO After XuniZ n ton parenteral immunization with the heat-killed shigellae in
FIG. 2. Geometric mean IgA antishigella LPS responses in iso- CFA. a predictable rise in the serum IgG antishigella LPS

lated ileal-loop secretions from rabbits given a single oral dose of activity was seen in all animals within 1 week of immuniza-
live shigellae on day 0 (4) or a combined parenteral dose of antigen tion (Tables 3 and 4). This serum IgG activity attained
on day -1 and a single oral dose on day 0(0). Standard errors of the maximum levels by week 3 after immunization, when it was
means are indicated. significantly greater (P < 0.01) than the response by animals
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1 2TTABILE 3. Serum lgG and IgA antishigella LPS acti. tts in
rahbhiis immunized %k ith antigen via both intramuscular

a lbh CFA and oral routes

10 a+asi ~ lVe
E
T Preimrnunitation 11.02h 10.0 18--4).04 5 1 0.1118 ((.()1(14).0111

R Postimm Un i ation
t_7((.495 ((). 4 5 -4), 18 (1.492 (1.445-4522)

c -14 0.-41 10.h69-41,8261 ( 03 M.6_4).846)

152 1 0.-84 (0.661-4),932) (.823 to.81'l0.933)
E 22-28 0.8t19 10. 721-41,.'3 ( .910) 10.62-tDX)3)

79- o.715 (0.583-4).8781 (0,924 (0.831-1.0271
36-42 0).889 ().794-(J,9961 (1.997 0t.930-1.029)

Intramuscular immunization with heat-killed shigellae in (FA %as at dla
-I Oral dose ol like shwielae vwa, gisen on da% 0i

0 5 10 15 20 is5 . Results esPressed as, 9eometriC means with the %ariances as descrnbed in

Dayll After Immunization Materials and Methods

FIG. 4. Geometric mean ILA antishigella LPS responses, in iso-
lated ileal-loop sec:retions tfIrom rabbits gis en a single parenteral dose w ith killed Shig'Ila sp. strain X16 followsed I day later by a
of killed shigellae in CFA 16) or a combined parenteral dose o1
antigen in CF-A on a% ndasngle oral dose of like antigen on single oral dose of live shigellae has not been seen previously
daN 0 1 . Standard er-rors of the mean,. are indicated. in studies ot mucosal immune responses. Earlier studies of

the local IgA response to enteropathogens have shown that
animals primed with three oral doses of live invasive or

given a direct infection into Peyers patches twithout adju- noninvasive shigellae will show a highly significant enhance-
,,anti. The leG antishigella activity in sera from animals merit of their local igA antishigella LPS response upon
receiving combined parenteral antigen in CFA and oral subsequent challenge with the same shigellae (13-15). In
antigen (group 41 was 50c weaker than that of animals contrast. intragastrically administers~d heat-killed shigellae
receiving parenteral antigen in CFA alone (group 51. No were totally ineffective in stimulating a mucosal memory
significant decline in this level was seen through the end of response (15).
the study on day 42. Similarly. the serum IgA antishigella At least two explanations for the poor results with heat-
LPS activity quickly increased such that within I week all killed shigellae are possible. and either would have impor-
animals had a significant increase over preimmunization tant implications for vaccine preparations against enteropath-
value,. Tables I and 4., By tsso weeks. this IgA activity had ogens. It is possible that particular epitopes in the killed-
attained its peak aind did not decline significantly by the end antigen preparations are altered in such a manner that they
of the stud-, on dav 42. Interestingly. the mean serum WgA tire no longer able to elicit a strong secretory IgA response.
activit in the group 5 animals v.as relatively low compared Alternatively. the heat-killed preparations may not be taken
with that in the group 4 animals. However, these differences up effectively by the M cells which are known to exist over
were not statisti*ij significant. lymphoid follicles in the gut and which have been implicated

in antigen uptake (21. 24, 34, 38). The former alternative has

DISCUSSION been examined in the present study. in which the need for
M-cell processing was bypassed with the heat-killed prepa-

The vigorous primary IgA response found in intestinal rations of shigellae injected directly into the Peyer's patches.
secretions in response to a combined parenterall stimulation Clearly, the IgA antishigella LPS activity that developed in

secretions from all the rabbits in this group demonstrates
that this antigen is appropriate to stimulate the mucosal

1 OT immune system. Interestingly, this response occurred 2 days

sooner than when the antigen was administered orally. It is
6 most likely that the earlier inability to stimulate niucusal

TABLE 4. Serum lgG and IgA activity to shigella LIPS in rabbits
T ~given heat-killed shigellae in C'FA intramuscularly

r ime Aelis itv

T dl'' gA I ac

APreimmunization (1,018 40.Ott-f112si 0.((15 1 00--0.012)
N 4 Postim mum. at ion

t-70.108 (01.180-01.5 2 (1 .243 (0.120-4).4931

D 0 S 0 1 0 2 -14 0.670 (0.494-4).908) i. .294 1. o51- 1.5 96)
0 5 0 Is 2 51 5-21 0. 380 (0.494-4). WS) 1.096 i0.889-1 .352)

ogle After Immunizat ion 22-28 0.540 )0.450 41.67) 1,941 (1.(v07-2.344)
29-35 0.273 (0.166-40,448) 1."28 (1.380-2.168)

FIG. 5. Geometric mean lgG antishigella LPS responses in iso- 16-42 0.565 10.469-4.681) 1.690 , I .295-2.223)
lated ileal-loo~p secretions from the two groups of rabbit% used for _________________________________
Fig. 4. Svmbols are defined in the legend to Fig. 2. Standard errors 1Espressed as geometric means with the vaniances as described in Mate-
of the means are indicated. nals and Methods.
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immunity with heat-killed-antigen preparations relates to recruit circulating B immunoblasts stJimulated by the paren-
their ineffective processing by the gut mucosa. Although this icral dosei to the intestine or whether it has a role in altenng
study provides only indirec: evidence to support his conten- regulator% cells that adjust the isotypc espression and
tion. Osken et al. have recently reported that NI cells kere proliferation of the B cells is unclear at the present time. It is
able to take up only viable Vibrio cholera( (25). Further, clear that this mechanism provides a useful means of rapidly
Wolf et al. have shown that adherence of reovirus to Nt cells sensitizing the mucosal immune system against infectious
is determined at least in part by proteins present on the agents and their toxic products and offers a model system to
surface of the sirus (39). Such binding proteins may have better understand the basic immunology of secretory IgA.
been altered in our earlier studies by the heat treatment.

When these heat-killed preparations of shigellae in CFA ACKNOWLEDGMENTS
were administered parenterally (groups 4 and 51. predictably
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Autoreactivity and Altered Immune
Responses in Inflammatory

Bowel Disease

David F. Keren, MD*

THE SEARCH FOR MICROORGANISMS IN INFLAMMATORY
BOWEL DISEASE

The etiologic agent, or pathogenic mechanism, for the initiation of
ulcerative colitis and Crohn's disease (inflammatory bowel disease, IBD)
is unknown. There have been many attempts to culture candidate micro-
organisms from tissues of patients suffering from these diseases. Unfortu-
nately, despite a plethora of bacteria and a few candidate viruses, no one
has succeeded in consistently culturing the same creature from diseased
tissues. 4 Looking for a microbial etiology is hardly a new idea. Indeed, in
Crohn's original description of the disease, he suggested that a variant of
Mycobacterium tuberculosis was the agent responsible for the disease.1 3

Viral inclusions have been demonstrated in some tissue samples, and
cytopathic effects can be detected in tissue culture cell lines treated with
extracts of tissues from these patients .2 

17.36 Although some have sug-
gested cytomegalovirus as an etiologic agent of IBD, hybridization stud-
ies have found no evidence to support this. 12 . 61 Other groups have iden-
tified rheovirus-like agents, although the significance of this has been
controversial.

34, 54.71. 75

Creative attempts to identify etiologic agents in IBD have included
methods to demonstrate cell-wall defective microorganisms in involved
tissues."'5 2 However, the cell-wall defective microorganisms have not
been able to reproduce IBD histopathology in experimental animals.5 3
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IMMUNOPATHOLOGIC MECHANISMS AND IBD
HISTOPATHOLOGY

The failure to consistently detect a reasonable candidate inicroorga-
nisin as an etiologic agent resulted in investigators turning their attention
to other pathogenetic mechanisms for IBD. Consequently. numerous
experimental models for IBD have been sugg4ested during the past few
years. The major thesis underlying: these models is that the injury ob-
served in the mucosa is initiated by an immune-mediated mechanism.

Certainly. histopathologic features of IBD resemble those of known
immnuiinopathologic mechanisms. An Arthus reaction, for instance, is seen
when pre-existing antibodies react locally with recently applied antigen.
Typically. this antibody-antigen reaction occurs in the walls of blood
\essels. After the antibody-antigen complexes activate complement lo-
cally. polymorphonuclear leukocvtes are attracted to the area. The latter
attempt to engulf the complexes, and during this process release both
oxygen radicals and destructive lysosomal enzymes. These cause consid-
erable damage to the tissue. This picture resembles that seen in classic
active IBD, where acute inflammation and cryptitis are typical features
(Fig. I ). Another type of immunopathologic mechanism involves cvto-
toxic antibodies directed to surface epithelial cells themselves. This
mechanism is classically seen in Goodpasture's disease. The counterpart
in the bowel may be antiepithelial cell antibodies.

IBD has a chronic inactive phase characterized by infiltration of the
lamina propria by large numbers of lymphocytes and plasma cells (Fig.
2). This type of histologic picture is more characteristic of both cell-me-
diated and chronic humoral immune reaction. Lastly, even reaginic anti-
bodies have been detected in patients with IBD, indicating that immedi-
ate hypersensitivity may play a role in acute episodes.

The difficulty with all of these mechanisms is that one cannot be
certain whether the mechanism reveals a primary event that initiated the
IBD or whether it represents subsequent secondary responses due to
epithelial damage. When the gut epithelium is damaged, the myriad

FiL!-irt 1. Acti ecr) ptitisin
mIhiumator% I %% I diselse, it 1
I. '. 5 00h
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Fizure 2. Chronic inactive
inflammatory bowel disease.
Note the forked crypt. There are
considerable numbers of chronic
inflammatory cells present in the
lamina propria. however, acute
inflammatory cells are not see (H
& E. X 500).

antigens present in the gut lumen are able to enter the mucosa. This may
be responsible for most of the histopathologic lesions observed.

Local Antibody Production in IBD

One consistent observation of tissues involved by chronic IBD is that
the lamina propria contains markedly increased numbers of immuno-
globulin-secreting plasma cells. By using immunohistochemical tech-
niques, several groups have documented that numbers of IgG-, IgA-, and
IgM-containing plasma cells are increased in the colon from patients with
IBD as compared to control material .3 5 ,37, 66. "1The increase in immuno-
globulin-containing cells correlated best with the disease activity (Table
1). However, the finding of increased numbers of plasma cells and lym-
phocytes serves to distinguish active chronic IBD from acute self-limited
colitis.

1 . 47

Studies on defunctioned bowel indicate that the number of immuno-
globulin-containing cells in the lamina propria is directly proportional to
the degree of antigenic stimulation.7 6 In our studies of the immunoglobu-
lin-containing cells in IBD, we correlated the histologic measure of dis-
ease activity with the plasma cell content. Table 1 shows the comparison
of these two parameters. When IBD is active, there is a significant in-
crease in immunoglobulin-containing cells of all three major isotypes.
Interestingly, when IgG-containing cells were increased, it usually re-
sulted from focal proliferations rather than the diffuse increase seen'with
IgA- and IgM-containing plasma cells. Whereas IgA and lgM are both
secretory immunoglobulins that respond to luminal antigens without a
,ross breach of the epithelium. focal IgG responses likely reflect sites of
current or former cryptitis and damage to the surface epithelium. There
is also a suggestion that IgE-containing plasma cells are increased in the
rectal mucosa of patients with IBD. Early studies demonstrated modest
increases in these IgE-containing plasma cells in the lamina propria from
patients with IBD.48 The significance of this is not clear, because immedi-
ate type hypersensitivity is not part of the clinical picture in these pa-
tients.



328 DAVID F. KEREN

Table 1. Plasma Cells in Lamina Propria of Colon Samplesa:

HISTOPATHOLOGY No. IgG IgA IgM

ActiveIBD 2.3 45.3* 114.8 33.9
Inactive IBD 40 9.1 80.9 12.3
Reactive mucosa 39 :3.9 S8.7 18.9
Normal 11 2.5 68.6 2.5

Data expressed as mean number of plasma cells per high power field.

A major problem with all studies enumerating lamina propria plasma
cell content is the nonspecificity of the findings. It is highly likely that the
vast majority of plasma cells present are due to nonspecific stimulation
after injury to the surface epithelium of the gut rather than to some
specific mucosal antigen. Although the initiating event may well involve
an antibody directed to the gut mucosa, after injury to the surface epithe-
lium, the many luminal antigens can penetrate into the lamina propria
and incite a diffuse mucosal immune response. As disease activity sub-
sides and epitheial integrity is restored, the stimulus for the local im-
mune response gradually decreases to normal levels and the number of
lamina propria plasma cells returns to a normal level. The key is to
identify the initiating event for this reaction.

Antimucosal Antibod-s in IBD

Several types of antimucosal antibodies have been found in these
patients. Anticolon antibodies were described several years ago in pa-
tients with IBD.7, 9 These early studies found high titers of anticolon
antibodies in the majority of patients with Crohn's disease while detect-
ing similar antibodies in only about 10 per cent of controls. Unfortu-
nately, the specificity of this antibody for IBD is far from clear. A high
percentage of patients with urinary tract infections and cirrhosis also
have anticolon antibodies. There does seem to be a relationship between
the presence of anticolon antibodies and sclerosing cholangitis in pa-
tients with IBD. Although only about 4 per cent of patients with ulcera-
tive colitis have primary sclerosing cholangitis, 2 these antibodies were
found in 62 per cent of individuals with both sclerosing cholangitis and
ulcerative colitis."' Although more recent studies indicate that IgG or
IgA antibodies are mainly involved, earlier studies indicated that IgM
antibodies are also capable of forming anticolon activity.78 Unfortu-
nately. although one can imagine the possible functional significance of
such antibodies to damage of colonic epithelium via complement activa-
tion or via antibody-dependent cell-mediated cytotoxicity. experimental
evidence has not been forthcoming to convincingly establish this point in
i\o.

Other workers have foundl specific reactivity in the serum of most
patients with Crohn's disease for rat brush border membrane antigens.6 '
However, as with anticolon antibodies, these antibodies are not specific
for IBD: they have also been detected in patients with Yersinia enteroco-
litica and in individuals with ulcerative proctocolitis. 68 Although anti-
epithelial mucosal antigen activity has been confirmed in sera from pa-
tients within IBD by a wide variety of workers,' '6 only one laboratory
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has been able to demonstrate a specific antigen. Das et al. 14 have de-
tected a 40-kilodalton protein in colonic extracts that is specifically rec-
ognized by IgG from colon tissue of patients with IBD. This 40-kilodalton
protein is present in colonic epithelium but is not present in the small
intestine. Using immunoelectron microscopy, Das et al. have found this
protein to be present on the surface plasma membrane. This location
makes it a particularly attractive candidate as a functionally important
molecule. Whereas cytoplasmic antigens or brush border antigens are
unlikely to be exposed to the immune system, this 40-kilodalton antigen
is. Further studies are needed to explore the ability of this antibody to
mediate epithelial injury.

Other autoantibody reactivities have been seen in the sera of pa-
tients with ulcerative colitis. It is clear that these individuals have in-
creased levels of serum IgG to casein, bovine serum albumin, alpha-lact-
albumin, beta-lactoglobulin A, and 2 beta-lactoglobulin B.39 This type of
reactivity is likely due to a combination of factors. After injury to the
surface epithelium, many normal food products become available as
antigens to the systemic immune system. Further, as discussed later,
there is a decreased suppressor T-cell response in these patients that
encourages formation of antibodies. It is highly doubtful that such anti-
bodies carry any significance in the initiation of IBD.

Experimental models for IBD have been developed that involve
production of autoimmune enterocolitis by alloimmunization with mu-
cosal antigens. By injecting a mucosal protein preparation in complete
Freund's adjuvant parenterally into guinea pigs, Nemirovasky and
Hugon 46 were able to produce lesions in the ileum and descending colon
that resembled active IBD. With subsequent challenge either parenter-
ally or intraintestinally, these animals developed mucosal ulcerations,
congestion, and edema. Both humoral and cell-mediated immunity
against the mucosal protein preparation were demonstrated. This model
indicated that sensitization to mucosal antigens can result in the histo-
pathologic picture of IBD.

Another model of IBD involved the introduction of carrageenan into
the drinking water of guinea pigs for several weeks. This regimen was
found to induce histologic lesions that resemble those of active IBD,
including crypt abscesses, ulceration, and eventually loss of crypts.5° . 73

Although the carrageenan does not cause the disease in humans, it has
proved to be a useful model for studying mucosal immunopathologic
mechanisms. 43 Bacteroides vulgatus has been identified as the microor-
ganism responsible for eliciting the lesions following carrageenan feed-
ing.49 There is no difference, however, in the ability of Bacteroides vul-
gatus isolated from patients with ulcerative colitis compared to strains
from controls to elicit this response in guinea pigs."' The importance of
this type of model is to demonstrate how a bacteria that may be encour-
aged by an environmental factor such as carrageenan can create mucosal
damage resembling IBD.

Other experimental models employing a humoral immune mecha-
nism to simulate IBD have explored the possible role of immune com-
plexes in producing the characteristic lesions. The search for such
models was stimulated by studies of Jewell and MacLennan,2 7

.
3 3 who
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found an increased incidence of circulating immune complexes in sera of
some patients with IBD. However, others have challenged that circulat-
ing immune complexes are really increased in IBD.3 5 Unusual forms of
complexes such as those between alkaline phosphatase and immunoglob-
ulin and between lactic dehydrogenase and immunoglobulin have been
described in patients with IBD.42 The significance of such complexes is
unclear at the present time. Formation of complexes between immuno-
globulins and enzymes as well as enzyme inhibitors has been broadly
described.- 0 77 Whether these complexes are related to the disease is
unclear at the present time.

In rabbits, it has been demonstrated that when preformed immune
complexes are injected intravenously and the rectum is irritated by a
dilute formalin enema, a severe colitis results that histologically resem-
bles acute IBD.2 9' 44 The injury in these cases is likely mediated by leuko-
cvtes that are attracted to the immune complexes, which become local-
ized in the intestinal wall. Evidence for this includes demonstration that
hvdroxychloroquine can prevent the experimental immune complex-
mediated colitis in rabbits.6 0 However, although circulating immune
complexes can be found in increased frequency in patients with active
colitis, the lack of demonstration of immune complexes in tissues of
patients with IBD leads one to suspect that this is not a mechanism that
simulates the human disorder.2 2 There is evidence that polymorphonu-
clear leukocytes in patients with IBD are fatigued with regard to their
complement-derived chemotactic factor response. When incubated in
vitro with complement-derived chemotactic factors, the leukocytes from
patients with IBD give a weaker response than do leukocytes from con-
trols. This may indicate that their receptors are already bound or that
they may be more primitive cells with fewer receptors available to react
with these factors.2 5

Serum Immunoglobulins and Inflammatory Mediators in IBD

There is some evidence that components of complement and prosta-
glandins are activated in patients with IBD. For instance, in active colitis,
C3 levels are elevated and there is an increased catabolism and synthesis
of C3.24 . 28, 1 Both C4 and C5 activities are found to be decreased in
active disease along with elevated levels of C-reactive protein.2 3 In addi-
tion to alterations in the classical complement pathway, it has been found
that there are increased concentrations of properdin, CIlq, and properdin
convertase in serum. Clq catabolism and synthesis are also increased in
patients with IBD.55

Inhibitors of the complement system that routinely act as a counter-
balance to prevent overactivation of complement by trivial stimuli are
increased in patients with active IBD.5 6 Increased concentrations of both
C I esterase inhibitor and of C3b inactivator have been shown in these
patients. These increased levels are not surprising considering the dif-
fuse ongoing inflammation in the gut mucosa. There is still some contro-
versy about the complement activation in these patients. Lake et al. 4 1

were not able to demonstrate abnormalities in the classical pathways in
these patients, and earlier studies from Ward and Eastwood7 2 demon-
strated normal levels of C2 in patients with active IBD. Nonetheless, the
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overwhelming evidence indicates that patients with IBD have an in-
creased synthesis and catabolism of several complement components.
How much of any particular component is present at the time of mea-
surement depends on the balance of these processes in that patient.

Hivh serum levels of prostaglandins are a common feature in pa-
tients with ulcerative colitis.19 It has been suggested that this increase is
due to an increased rate of synthesis of prostaglandin E2 in the colonic
mucosa of these patients.58 this increase in prostaglandin E2 in rectal
mucosa has been confirmed in organ culture systems. 20 The source of the
prostaglandin E2 is likely the mononuclear cells within these inflamed
mucosal specimens.5 7 It is not vet clear whether the presence of prosta-
glandins in rectal mucosal fluids is responsible for the disease activity,
however, because Rampton and Sladen 45', 9 reported that when 14 pa-
tients with active IBD were treated with prostaglandin inhibitors, while
the prostaglandin E2 rectal dialysis fluids decreased, symptoms re-
mained.

Cellular Immune Responses in IBD

In more recent years, research has focused on cell-mediated immu-
nity and cellular subpopulations in patients with IBD. Older studies
presented evidence that systemic suppressor T-cell activity is decreased
in patients with IBD.3 ° As suppressor T cells are believed to be important
in preventing autoimmune diseases in experimental models, the de-
creased numbers of suppressor T cells in patients with IBD may be
related to the development of the antimucosal antibodies and lymphocy-
tctoxic aaibodiCs. 4 0 IIowever, a more recent report on patients with
mild Crohn's disease noted increased suppressor T-cell activity that cor-
related with lymphocytes bearing markers for monoclonal antibodies
HNK-1 and Leu 21. " These findings may indicate that suppressor cells
are being generated during the inflammatory responses in the mucosa.
Alternatively, it may be that suppressor cells are normally brought into
the mucosa to decrease sensitization to antigens that pass through the
intestine, but in IBD the cells remain in the peripheral blood and are not
brought to the mucosa. The lack of such suppressor cells along the intes-
tinal mucosa could allow hypersensitization to a variety of mucosal anti-
gens, which may explain the antimucosal antibodies seen in these pa-
tients. Indeed, patients with active Crohn's disease have increased
numbers of spontaneous immunoglobulin-secreting cells.8 5 Ironically,
despite the presence of increased spontaneous immunoglobulin produc-
tion, peripheral blood B-lymphocytes from patients with Crohn's disease
have decreased responses to polyclonal B-cell activators such as poke-
wee(ld mitogen.

Again, a likely explanation for the variable results obtained from
these studies is that suppressor activity may vary with disease activity.
For instance, concanavalin A- inducible suppressor T-cell activity is de-
creased in patients with active IBD, but not in those with inactive dis-
ease. 38 It is again likely that the suppressor cell activities being measured
relate more to the inflammation and secondary effects than they do to
aiv initiating event for IBD.
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Cytotoxic Activities in IBD

Natural killer (NK) cells are still poorly understood. They have been
defined mainly on the basis of their cytotoxic effects in vitro on tumor
cells, as well as on their ability to play a role in defense against viral
infections.21 In patients with IBD, it is possible that the intestinal epithe-
lium infected by a virus may be a target of NK cells. 32 It has also been
shown that NK cells may facilitate expression of Ia antigen by intestinal
epithelium in experimental animals.6. 10 Although earlier studies on the
role of NK cells in intestinal epithelium have been controversial, by
purifying the NK-cell population, Shanahan et al. 64 found that lamina
propria NK celL; had strong activity to an in % itro tumor target cell line.6 4

This cell population had the surface marker for the monoclonal antibody
NKH- 1. A second cell population of killer cells has been identified in the
mucosa. These cells are NKH-1 negative but express Ti 1 and T8. They
are cvtotoxic in vitro when activated by interleukin-2 for 72 hours. Inter-
estingly. lamina propria lymphocytes that were incubated with anti-CD3
(T3) were able to exhibit such cytotoxic activities. This activation may be
unique to mucosal lymphocytes because it has not been found in studies
using peripheral blood lymphocytes.7 4 The role that these NK and lym-
phokine-activated killer cells may play in IBD is as yet unclear. However,
such cytotoxic function at the delicate mucosal surface must be carefully
studied. It is clear that both activities are due to heterogeneous popula-
tions that are defined by their in vitro activities.'' , 63 The fact that earlier
workers did not identify NK-cell activity in mucosa from patients with
IBD likely reflected the lack of a sufficiently purified population of
cells.'16

By studying the specific mucosal lymphoid responses in patients
with IBD, researchers are beginning to address key issues in determining
whether the autoimmune phenomenon observed in patients with IBD
are primary or secondary events. The answers to these questions will
likely come within the next decade. Currently available assays for anti-
mucosal antibodies, however, do not have diagnostic or prognostic sig-
nificance.

SUMMARY

Inflammatory bowel disease (IBD) is a poorly understood condition
that is associated with a wide variety of immunologic alterations. Because
its pathogenesis is unknown, these immunologic alterations have been
investigated with an eye toward unraveling the complex mechanism of
injury in the bowels of these patients. There are several lines of evidence
suggesting that IBD is related to imn.unologic events. The histopathol-
ogy of active disease resembles the Arthus reaction, whereas the pres-
ence of antiepithelial cell antibodies is reminiscent of Goodpasture's
disease. Antibodies against many microorganisms and autoantibodies to
mucosal components are commonly found in these patients. Further,
there is a marked increase in plasma cells in the lamina propria of patients
with active IBD. It is important to keep these findings in perspective. No
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studies to date have been able to determine whether the features are
entirely primary events, that is, related to the initial damage to the
intestinal mucosa. If the surface mucosa is injured by an as-vet-unidenti-
fied agent, the immunologic findings in IBD may be secondary events.
Nonetheless, the similarity in histopathology of the experimental immu-
nologic models of IBD to the human disease encourages investigators to
pursue the etiology of this complex disease.
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INTRODUCTION

In recent years, the contributions of the mucosal immune system to

host defense against a wide variety of pathogenic microorganisms have been

recognized. As the mucosal immune system lies at the portal of entry for

enteropathogens, it has great potential strategic importance to preventing

or altering the natural course of infectious diseases of the gastrointes-

tinal, respiratory and genito-urinary tracts. Its relative inaccessibility

made the mucosal immune system difficult to study in a sequential manner.

In our laboratory, we developed a model using chronically isolsted

loops of ileum in rabbits as a probe to follow the secretory immune response

of the intestine (1). Using this model, we have characterized the intes-

tinal IgA response to cholera toxin, Shigella flexneri, Salmonella typhi

and to keyhole limpet hemocyanin (2-6). These studies have documented

and confirmed several features of the local immune response relative to

potential vaccine programs against enteric infections. First, an intestinal

secretory IgA response to S. flexneri is best elicited by oral rather than

parenteral immunization (6). Second, Peyer's patches and isolated lymphoid

follices play important roles in the antigen processing in the gastrointes-

tinal tract (2,7). Third, the major lesions seen in rabbits given patho-

genic strains of S. flexneri were most frequently seen over Peyer's patches

and isolated lymphoid follicles, implying that these may serve as the major

site of invasion as well as initial antigen processing (3). Finally, a

local secretory IgA memory response in intestinal secretions has been
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elicited by oral immunization with live, locally invasive, but not with

killed S. flexneri (8).

:n the present studies we have concentrated on regimens to optimize

the mucosal immune response to S. flexneri without using potentially patho-

genic bacteria as immunogens. These studies explore the role of invasive-

ness and the virulence plasmid in eliciting a mucosal memory response and

examine the use of adjuvants in enhancing the primary secretory IgA response

of the intestine.

METHODS

Preparation of chronically isolated ileal loops

The surgical creation of ileal Thiry-Vella loops in rabbits has been

described in detail previously (i). Twenty cm isolated loops containing

a Pever's patch were created in each of 8-10 rabbits per group studied.

Daily secretions from the loops and weekly serum samples are stored at

-20C until time of assay.

Enzyme linked immunosorbent assay (ELISA)

The ELISA is performed as described in detail elsewhere (6). Briefly,

microtiter wells are coated with a solution containing S. flexneri lipopoly-

saccharides (LPS) (Westphal preparation). The fluid to be assayed is di-

luted in phosphate-buffered saline solution (PBS) containing .05% Tween

20 (PT) and incubated in the coated and uncoated wells. These are washed

and incubated with either alkaline phosphatase-conjugated sheep anti-rabbit

IgA or sheep anti-rabbit IgG [both are isotype specific affinity column

purified in our laboratory using methods previously described (9)]. Kinet-

ics of the enzyme-subs~rate reaction are extrapolated to 100 min. Specific

IgG and IgA standards are processed on each plate with the unknown fluids

as previously described (9).

The data are presented as geometric means, since others have noted

that this better reflects the logarithmic kinetics of the local immune re-

sponse after immunization (10). These were calculated by using the log 1 0

of each value for each rabbit to determine the mean, standard deviation,

and standard error of the mean. For each 4-vs result, to determine the

variance, the log1 0 standard error of the n, was added and subtracted
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from the mean log of specific immunoglobulin activity, antilogs of these

three values were then obtained to give the geometric mean with an upper

and I(wer limit of variance about that mean. Significance was calculated

using Student's t test.

Antigen and adjuvant preparations used.

Three antigen preparations were employed in these studies: 1) live

S. flexneri 2457-0 (which do not usually invade, but which possess a

virulence plasmid); 2) S. flexneri M4243A1 (which have been cured of the

virulence plasmid and are unable to invade); and 3) Shigella X16 (which

can invade surface epithelium, but is unable to persist and usually does

not produce significant pathology). All of these strains were negative

for producing ulceration using the Sereny test. As a positive control,

the Sereny test was performed on S. flexneri strain M4243 (a virulent

strain not used for immunization in the present studies).

Three adjuvant preparations were used in the present studies. The

proposed mucosal adjuvants Avridine (kindly provided by Dr Keith Jensen)

and DEAE-dextran were mixed with the antigen preparations as described

previously (11,12). Finally, complete Freund's adjuvant (CFA) was used

parenterally in combination with oral immunization in an attempt to stimu-

late the mucosal immune response.

RESULTS

Role of antigen form in the mucosal memory response -- invasiveness and the

virulence plasmid

Our previous studies demonstrated that the locally invasive Shigella

X 16 (a hybrid of S. flexneri and Escherichia coli) was able to elicit a

vigorous local IgA memory response in intestinal secretions when the animal

had received an oral priming with the same bacteria (8). Whereas live

bacteria were able to prime the animals for this mucosal memory response,

priming with heat-killed bacteria was ineffective at stimulating such a

response (Fig. 1). Unfortunately, a live, locally invasive immunogen is

relatively unattractive as a potential vaccine strain, even though injury

resulting from the invasion is usually limited.

943



2.0f

1.8

1.6

1.4-

LU
1.2- T

j 1.01.-

0.6

0.4

0 4 8 12 16 20 24

DAYS

Figure 1. IgA anti-Shigella LPS activity in loop secretions from three
groups of rabbits challenged with a single live oral dose of Shigella X16
on d 0. One group had not been primed ( A ). A second group received
three weekly oral doses of heat-killed Shigella X16 two months prior to
challenge (0 ). The third group was primed with three weekly oral doses
of live Shigella X16 (0).

Therefore, studies were performed with S. flexneri 2457-0 which is not

invasive in experimental systems such as the Sereny test or rabbit intes-

tinal loop invasion models. The primary local IgA response in intestinal

secretions followed the same kinetics to those elicited by the locally

invasive Shigella X16 (Fig. 2). A secretory IgA response was detectable

by the sixth day after oral administration of the live strain 2457-0 (13).

The overall response had a higher geometric mean peak than that of the

previous work with the locally invasive Shigella X16 (13).

As with Shigella X16, when rabbits were primed with 3 weekly, oral

doses of live strain 2457-0, allowed to rest for two months after the last

dose, and challenged orally with the same bacteria, a striking secretory

lg.A memory response to S. flexneri LPS antigen was seen. By Lhree days
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Figure 2. IgA anti-Shigella LPS activity in loop secretions from two
groups of rabbits challenged with a single live oral dose of S. flexneri
2457-0 on d 0. The first group (0) had not been primed. The second

group 0 ) was primed with three weekly oral doses of live S. flexneri
2457-0.

after oral challenge, a significantly greater local IgA response was pre-

sent in the primed group than in the nonprimed group (p < .01) (Fig. 2)

(13). The response reached its peak by day 6, at a time when the primary

immune response was just beginning to be detectable.

Although S. flexneri 2457-0 is not able to invade rabbit ileum and does

not give a positive Sereny test, it does contain the 140 megadalton plasmid

which has been associated with virulence (14). Further, in clinical trial,

some volunteers had evidence of diarrheal disease, implying that strain

2457-0 may revert to a pathogenic strain. Since this would be an undesir-

able event, recently, we have performed immunization studies with S. flexneri
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M4243AI which lacks the virulence plasmid (15). Our preliminary data in-

dicate that a mucosal memory response to shigella LPS occurs with this as

well (15), thus confirming that invasiveness, per se, is not a requisite

for developing mucosal memory responses. As with the other studies, the

local IgG responses was trivial -nd systemic IgG and IgA against shigella

were lacking.

Role of adjuvants in enhancing the primary secretory IgA response of the

intestine

Mucosal adjuvant studies. Recent publications indicated that Avridine

(N,N-dioctadecyl-N',N'-[2-hydroxy-methyl] propanediamine) could increase

immune responses to sheep erythrocytes, influenza B and equine encephalitis

virus (11). Careful studies by Anderson demonstrate that such adjuvants

as Avridine and CFA may function by increasing lymphoid traffic and inducing

angiogenesis with differentiation of high endothelial venules (16). Since

CFA would be unsuitable for use in the lumen of the gastrointestinal tract,

we looked at the ability of our system to detect any enhancement of the

mucosal immune response to shigella PS by Avridine. For these studies,

a group of 10 rabbits were given a single oral dose of live shigella mixed

with Avridine. Intestinal secretions from these rabbits gave similar local

IgA responses to those from animals not given the Avridine (Fig. 3). No

significant enhancement was found at any data point. Serum samples were

uniformly negative for anti-shigella LPS activity of either the IgG or

IgA class.

The findings with Avridine were similar to those with the proposed

mucosal adjuvant DEAE-Dextran in our system (13). No enhancement of the

secretory IgA response to a single, live oral dose of Shigella X16 was

detected when the bacteria were administered orally mixed with DEAE-Dextran

as described by Beh (12).

Parenteral adjuvant studies. Previous studies in our laboratory have

indicated that a small primary local IgA response Is detectable in secre-

tions from the isolated ileal loops within a week after stimulation by

live, oral Shigella X16. Parenteral immunizaton without adjuvant is in-

effective in enhancing the local immune response to the antigens we have

studied (6). Since the form of antigen is known to be of considerable

importance in the development of a mucosal immune response, we have ex-

plored the role of parenterally administered heat-killed Shigella X16 in
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Figure 3. IgA anti-shigella JPS activity in loop secretions from rabbits
given a single oral dose of live Shigella X16 which was mixed with Avridine.
A typically weak primary IgA response has resulted.

complete Freund's adjuvant in stimulating the mucosal immune response.

Our preliminary studies indicate that a combination of a parenteral dose

of heat-killed shigella followed a day later by a live oral dose of the

same bacteria results in an enhancement of the primary local IgA response.

DISCUSSION

A common goal of the many model systems used to study mucosal immunity

is to optimize the stimulation of the primary and secondary IgA response.

In reviewing responses of the intestine to the enteropathogen S. flexneri it

was apparent that only invasive, or potentially invasive strains of shigella

had elicited protection in primate studies (13). Similarly, in our earlier

studies, vigorous secretory IgA memory responses to shigella LPS were read-

ily demonstrable following oral priming with live, locally invasive Shigella

X16, but not with the heat-killed preparations of the same antigen. This

was true even when extraordinary high doses of the heat-killed preparations

were administered orally (13). Since live shigella are able to multiply in

the intestinal lumen, some felt that the heat-killed dose was inadequate.

However, even when megadoses of heat-killed shigella were used, no memory

response was seen.

When we used the noninvasive S. flexneri 2457-0, we found that the

animals achieved a vigorous mucosal memory response, equivalent to that

found in the studies with the invasive shigella (13). This latter strain

947



has recently been found to contain the 140 megadalton virulence plasmid

which is known to be associated with invasion and disease with other strains

of shigella (14). Further, some clinical studies with this strain noted

occasional reversion to a pathologic state with diarrhea in some human

volunteer recipients. Therefore, it was possible this 2457-0 strain which

gave a negative Sereny test and a negative rabbit ileal loop invasion test

may have invaded in vivo resulting in the memory response observed. To

address this question, we used S. flexneri M4243AI, which lacks the 140

megadalton virulence plasmid. These studies found that this strain gave

a highly significant mucosal memory response which followed the same

kinetics as those of its invasive counterparts (15).

While these efforts have succeeded in enhancing the local IgA response

after a long schedule of oral priming (three weekly doses with live bac-

teria), we were interested in methods to increase the initial primary immune

response elicited. Efforts using two mucosal adjuvants in our model system

failed to enhance the initial immune response to shigella LPS. However,

our preliminary studies indicate that when a combination of parenteral

heat-killed Shigella X16 in CFA was used followed a day later by an oral

dose of live Shigella X16, a significant increase was seen in the primary

IgA responses. Further studies are in progress to confirm these findings

and to determine the kinetics of the development of antigen-specific lym-

phocytes when this combination of systemic and mucosal stimulation is used.

Ability to hyperstimulate the initial mucosal IgA response would be useful

information for developing vaccines which would have the ability to protect

a population soon after immunization. By determining the means to manip-

ulate the mucosal immune system, we can optimize the chances of success

for clinical vaccines against nteropathogens.

Table 1. Comparison of parenteral antigen (in CFA) and oral dosage
vs. oral dosage alone to elicit IgA activity in secretions to

Shigella LPS

Days post-immunization Oral and IM(CFA)a Oral only
a

0 .03 .02
4 .20 .14
8 .30 .17
12 .76 .12
16 .52 .12

aActivity is expressed as geometric mean (see METHODS section).

948



CONCLUSIONS

1. Secretory IgA memory responses can be elicited by nonpathogenic strains

of shigella which lack the 140 megadalton virulence plasmid.

2. Killed forms of shigella given orally do not prime the animal for a

mucosal memory response.

3. Parenteral administration of killed shigella followed one day later by

a single oral dose of live shigella can significantly increase the initial

response to this enteropathogen.
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Bacterial Overgrowth and Mucosal Changes in
Isolated (Thiry-Vella) Heal Loops in Rabbits

Effects of Intraluminal Antibiotics

SCOTT E. KERN, DAVID F. KEREN, AND CARL L. PIERSON

Department of Pathology, The University of Michigan, Ann Arbor, Michigan

Atrophy of villi, with increases in crypt depth and Paneth cell number and size, occurs in
chronically isolated (Thiry-Vella) ileal loops in rabbits. These loops are known to be heavily
colonized with aerobic bacteria. To study the possible effect of the bacterial overgrowth, 2
experiments were performed. In the first study, two isolated ileal loops were created in each of 14
rabbits. The antibiotic loop was flushed with nonabsorbable antibiotics (neomycin, bacitracin, and
gentamycin), whereas the control loop was flushed with saline. The antibiotic solution achieved a
reduction in bacterial growth as compared to the loops flushed with saline. In the second study, a
single ileal loop was created in each of 20 rabbits. Loops of 11 animals were flushed with an
absorbable antibiotic (cefoxitin) and gentamycin, whereas those in 9 other rabbits were flushed
with saline. This antibiotic combination achieved an essentially sterile loop. In both experiments,
the Paneth cell population and crypt depth were less in antibiotic loops as compared to saline loops,
whereas the degree of villus atrophy was nearly equal. These studies suggest a link between the
overgrowth of bacteria seen in these isolated loops and the morphologic changes in the crypts.

Additional key words: Antibiotics, Villi, Crypts, Paneth cells, Bacterial flora.

Gross evidence of reactive changes in the gut after study used a combination including an absorbable anti-
surgical procedures has received attention since Senn's biotic, necessitating that experimental and saline control
animal studies of bowel resection in 1888 (29). Many of loops be maintained in different animals.
the gross, microscopic, and biochemical studies focused
on possible trophic substances, either systemic or present EXPERIMENTAL DESIGN
in chyme. The possible confounding effect of bacterial
infection in these studies has been recognized (16). That EXPERIMENT 1
mucosal structure is known to be altered by normal flora,
as illustrated by germ-free animal studies (1), prompted In each of 15 New Zealand white rabbits were created
us to look at the role of bacteria in Thiry-Vella loops. 2 Thiry-Vella loops. Briefly, 2 20-cm segments of ileum

A striking hypertrophy and hyperplasia of Paneth were severed from the intestine, and the remaining ileum
cells, with atrophy of villi and an increase in crypt depth, was anastomosed to re-establish continuity. To each end
occurs in chronically isolated ileal (Thiry-Vella) loops in of the ileal segments (vascular supply intact), a Silastic
rabbits (20). Whereas the known trophic effects of (Dow Corning, Midland, Michigan) tube waq connected;
chyme, lost to the isolated loops, were suggested as an these were brought through the abdominal wall and
explanation for the changes seen, isolation was not the tunnelled subcutaneously to exit at the back of the neck.
only variable characterizing the model. Within days of Twice a day, 9 and 15 hours apart, the loops were
their creation, extensive bacterial colonization of these flushed with air to remove secretions, followed by sterile
loops was found (21). We proposed that bacterial over- saline and air to remove mucus plugs. Into the control
growth might account for some of the histologic changes loop was placed 4 ml of sterile saline (285 mOsm/kg)
in isolated loops. plus 2 ml of air; to the test loop was added 4 ml of an

In the present studies, we used antibiotic solutions to antibiotic solution (292 mOsm/kg) plus 2 ml of air. The
control the flora of these loops and correlated the degree loop fluid obtained each morning was used to plate
of bacterial suppression with changes in various morpho- MacConkey agar for semiquantitative cultures. Growth
logic parameters. Two experimental models were used. on agar was graded after 24 hours incubation at 37* C; 1
The first was of paired design with two loops per animal: = rare colony or no growth, 2 = light, 3 = moderate, 4 =
an experimental loop treated with nonabsorbable anti- heavy growth. The average weekly grades were used to
biotics, and a saline-flushed control loop. The second characterize each animal.
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The antibiotic solution (34) contained 10 mg/ml of of each section. Crypt depth and villus height were
neomycin sulfate (Prof. Vet. Lab., Belleplaine, Minne- similarly estimated by ocular micrometer, with 12 con-
sota), and 2.5 mg/ml of bacitracin (Upjohn, Kalamazoo, secutive well-oriented crypt-villus pairs measured in each
Michigan) in sterile saline, stored in the dark at 4' C for section. Average values were used to represent each
not more than 3 days. Gentamycin (Schering Pharma- parameter for each animal. Lamina propria heterophils
ceuticals, Kenilworth, New Jersey) at 50 gg/ml was (analogous to the neutrophils of humans) and epithelial
added for use in our last six animals, after emergency of mitotic figures were counted in 10 high-power fields
resistant Pseudomonas species. These animals were his- (x400) of the crypt region. Goblet cells and intraepithe-
tologically similar to the earlier animals. The nonabsorb- lial lymphocytes (IEL) were counted per 500 epithelial
able nature of these three antibiotics was a major require- nuclei of the sides of well-oriented villi.
ment for their selection over other, more commonly used Student's t-test and the paired t-test were used for
agents. comparisons between groups. One-sided tests were cho-

Animals were scheduled for sacrifice at 2 weeks after sen.
surgery. Tissue from both loops and a sample of normal
ileum was removed, opened along the mesenteric border, FLORA OF NORMAL ILEUM
and pinned for fixation in 10% neutral buffered formalin.

In four unoperated New Zealand white rabbits, ileal
EXPERIMENT 2 chyme was aspirated from a site 20 cm proximal to the

Surgical technique, schedule and technique for flush- ileocecal valve. This was submitted for quantitative aero-
ing of loops, time of sacrifice of animals, and tissue bic and anaerobic cultures.
preparation were similar to that of experiment 1, except
that only I loop was created in each of 22 animals. Twelve RESULTS AND DISCUSSION
animals had loops flushed with an antibiotic solution
(277 mOsm/kg) containing 100 Ag/ml of cefoxitin sodium Data are summarized in Table 1. Statistical compari-
(Merck, Sharp, & Dohme) and 50 Ag/ml of gentamycin. sons are listed in Table 2. For simplicity, significance
Ten animals had loops flushed with sterile saline (271 tests were not adjusted for the number of comparisons
mOsm/kg). made, and the possibility of apparent significance due to

On postoperative davs 2, 4, 6,8, 10, 12, and 14, morning chance is acknowledged.
samples of loop fluid were processed for quantitative
cultures. These included enrichment in thioglycollate POSTOPERATIVE COURSES
broth and plating on blood agar, MacConkey agar, an-
aerobic laked blood agar (for detection of aerotolerant Abscesses along the subcutaneous tract of the Silastic
anaerobes), and Sabourad agar (for detection of fungi). tubing and at the site of the peritoneal incision are

This experiment was not performed concurrently with common in this animal model, but in these short-term
experiment 1. Whereas animal type, age, and source were studies, did not constitute a major problem. One animal
similar, some aspects of their care, including location, in experiment 1 died on postoperative day 13, of perito-
had changed. nitis secondary to an incisional hernia, and was excluded

from analysis. Due to practical reasons, one animal of
QUANTIFICATION OF HISTOLOGY experiment 1 was sacrificed on postoperative day 13 and

Coded histologic study utilized routine (3 to 4-Am one on postoperative day 20; these animals were not
thick) hematoxylin-eosin stained sections, and both ex- otherwise different from the group sacrificed on postop-
periments were analyzed concurrently. One section was erative day 14, and are included in the analysis. In
examined for each tissue specimen, experiment 2, one animal in each test condition died

Paneth cell hyperplasia was estimated by an ocular prior to sacrifice, apparently from respiratory infection.
micrometer, with measurement of the height of the Pa- These were excluded from analysis. All remaining ani-
neth cell column (extension from crypt base into higher mals of experiment 2 were sacrificed on postoperative
levels of the crypt) in 20 consecutive well-oriented crypts day 14.

TABLE 1. MEAN ± STANDARD ERROR OF MEAN FOR VARIOUS PARAMETERS*

Eap Cond Villus height Crypt depth Paneth cells Mitoses Goblet cells IEL Flora week I Flora week 2
unm (AM) (urn) (x/10 HPF) 0x/EN) (x/EN) grade (grade)

I AL 286 ± 21 99 ± 6 55 t 7 26 ± 4 0.120 ± 0.022 0.511 ± 0.045 1.6 ± 0.1 1.5 ± 0.1
SL 301 ± 14 139 ± 9 79 ± 7 22 ± 3 0.137 ± 0.022 0.492 ± 0.057 3.5 ± 0.2 3.9 ± 0.1
CI 441 ±3 1 90 ± 4 24 ± 2 23 ± 5 0.051 ± 0.008 0.341 ± 0.029

2 Al 296 + 22 8.5 ± 4 38 + 2 8 ± 1 0.117 ± 0,024 0.362 ± 0.024 See text
SL 288 ± 24 103 ± 9 62 ± 7 11 ± 1 0.128 ± 0.019 0.370 ± 0.022 See text
aCI 510 ± 35 90 ± 7 32 ± 2 17 ± 5 0.076 ± 0.007 0.322 ± 0.018
sCI 514 ± 36 84 ± 6 37 ± 3 13 ± 4 0.072 ± 0.011 0.297 ± 0.022

Counts of epithelial mitotic figures are expressed per 10 high power fields (HPF). Goblet cells and intraepithelial lymphocytes (IEL) are
expressed per epithelial cell nucleus (EN). Grading system for bacterial flora in experiment 1 is detailed in text. AL = antibiotic loops; SL =
saline loops; CI = control ileum; aCI = control ileum of antibiotic group; sCI = control ileum of saline group.
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TABLE 2. STATISTICAL COMPARISONS (p VALUES)

Exp Comranson \illus height Crypt depth Paneth cells Mitotic Figures (;oblet cells IEL Flora Flora
week 1 week 2

I AL Ls. CI <0.0005 <0.05 <0.0005 NS <0.0001 <0.001
SL Ls. CI <0.0005 <0.0005 <0.0005 NS <0.0005 <0.0,5

AL Ls. SL <0.005 <0.005 <0.01 NS NS NS <0.000I <0.0001
2 AL Ls aCI <0.005 NS <0.05 NS NS NS

SL Ls, sCI <0.005 <0.05 <0.025 NS <0.05 NS
AL s. SL NS <0.05 <0.005 <0.05 NS NS
aCIl s. sCl NS NS NS NS NS NS

Statistical comparisons between animals and various conditions. One-sided Student's t-tests and paired T-tests were used. NS, p > 0.05.
Other abbreviations as in Table 1.

LooP FLORA, EXPERIMENT 1 in both studies. The crypt depth of the antibiotic loops

Previous studies have shown that Pseudomonas aeru- was indistinguishable from that of control ileum in ex-
ginosa is overwhelmingly the most prevalent bacteria in periment 2.
this ileal loop model. Other gram-negative bacteria were In both studies, the Paneth cell population was signif-
often present, but Bacteroides species or Staphylococcus icantly more hyperplastic in the saline loops than in
aureus were rare. and anaerobes were not present (as control ileum or antibiotic loops. Some Paneth cell hy-
expected in a short motile loop open to air) (21). Use of perplasia was present in the antibiotic loops of bothexpetedin shrt otie lop oen o ar) 21) Us ofstudies by comparison with control ileum, but the differ-
an antibiotic solution in our test loops resulted in a
reduced flora relative to the control loop. As a control ence was small in experiment 2.
for methodologic technique, daily blood agar cultures Differences in numbers of crypt mitotic figures were
were done on loop fluids from six animals: reduced flora not identified in experiment 1. In experiment 2, anti-
was again found in the antibiotic loops (p < 0.005). The biotic loops had fewer mitotic figures than saline loops.
degree of bacterial control tended to be rather consistent The maintenance of atrophic villi in the absence of
on a daily basis within individual animals, with greater Paneth cell hyperplasia may put little demand on epithe-
differences between animals. The saline loops consist- lial kinetics.
ently produced heavy growth by the end of 2 weeks. Numbers of goblet cells per epithelial nucleus were

increased in saline and antibiotic loops to a similar degree
Loop FLORA, EXPERIMENT 2 when compared with control ileum. Goblet cell hyperpla-

sia in rabbit Thiry-Vella loops was noted in the previous
Soon after surgical creation, the saline loops became study (20). Morphometrics in the present study esti-

colonized. Greater than 300,000 colonies of P. aeruginosa mated the increase to be nearly 2-fold. Antibiotic treat-
or Escherichia coli were typically present per ml of loop ment and bacterial flora did not seem to affect this
secretion. Occasionally, the anaerobic laked blood agar parameter, and the relative goblet cell hyperplasia fol-plate was overgrown by E. coli, or the Sabourad agar by lowed the pattern of the villus atrophy. We did not notice

P. aeruginosa, but anaerobes and fungi were only rarely relathptee n of the e
detected, and then in very small numbers. a relationship between acute inflammation of the serosa

dtcted, and ps th ery esmentally numerse band goblet cell hyperplasia, previously reported (20), as
Antibiotic loops were essentially sterile by all culture serosal inflammation was unusual among our animals.

techniques. Breakthrough growth was limited to the rare Furthermore, because a decrease in absorptive cell num-
occurrence of occasional bacterial colonies on blood agar. ber was reflected in the measurements of villus height,
Fungi were found in one animal on only 1 day. Anaerobes an absolute increase in goblet cell numbers was slight if
were not identified. present.

FLORA OF NORMAL ILEUM Relative increases in intraepithelial lymphocytes pres-
ent per epithelial nucleus were found in saline and anti-

Ileal chyme of four unoperated animals contained 200 biotic loops of experiment 1 only, although slight in-
to 5400 organisms per ml in aerobic culture, and 440 to creases without statistical significance were seen in the
20,000 in anaerobic culture. The predominant organisms loops of experiment 2. While IEL are increased in a
in both conditions were Bacillus sp. and Corynebacterium variety of diseases (13) and seem to be a general finding
sp. Few coagulase-negative staphylococci and Gram-pos- with villus atrophy, they are decreased in germ-free mice
itive coccobacilli were present in one animal. (15), and in the case of co-infection by giardia and

Hexamita muris in mice, IEL are increased without ar-
HISTOLOGIC STUDIES, EXPERIMENTS 1 AND 2 chitectural changes (24). The measurement of IEL per

Villi of normal ileum were longer than those of either epithelial cell in conditions of mucosal atrophy has been
saline or antibiotic loops in both studies. The slight criticized in favor of measurement of IEL per unit of
difference between the height of villi in saline and anti- muscularis mucosa (30), but the variation in contraction/
biotic loops was statistically significant only in experi- stretching in our preparations led us to favor the former
ment 1. method. The degree of villus atrophy must be considered

Crypt depth was increased in the saline loops com- in assessing changes in absolute IEL numbers of surface
pared to either the normal ileum or the antibiotic loops epithelium.
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Villu Height Crypt Depth Paneth Cell Population A slightly increased number of heterophils appeared
to be present in the lamina propria of saline loops. Our

M Antibiotic loops method of quantitation was inadequate to reflect the
400 125 U saline loops heterophil population due to the extreme focal variability

of their numbers. Broadening of the bases of villi accom-
100 panied an appareit increase in lamina propria mononu-

300 clear cells of saline and antibiotic loops.
E 75  Epithelial cell height and brush border thickness did

200 ,.'-t easily lend themselves to measurement, but both
so parameters appeared decreased in the Thiry-Vella loops.

There was no apparent difference between saline and
100 25- antibiotic loops.

Certain histologic features are illustrated in Figures 1
and 2.

0 0

DiscussION

VIiI height CYt d*pth l...i , .............. The literature on small intestinal morphology and

M ,,itbi 0..... bacterial flora is composed largely of studies on blind
o ..i. ..0p loops and similar bowel stasis situations, and apparent

SO00 100 OC.tf.i.l.... l.i,,., gop inconsistencies (37) have arisen from the diversity of

o00 UceZ ,0 ..... Isein. gr.pi approaches taken. Blind or static loops can be self-
emptying or self-filling, continuous with other bowel or

30 with the external environment (Thiry-Vella) or both,s o- chronic or acute, with heavy or light bacterial over-200 growth, which may or may not be predominantly anaer-

250 obic. Such differences in characteristics affect the his-
Or 0tology of these loops (33). There is evidence that bacteria

B or their secreted products (including enzymes active
against brush border) contribute to the mucosal changes
(22), and that antibiotic administration in many cases

FIG. 1. Villus height, crypt depth, and Paneth cell population mean can effect an improvement in absorptive function (6, 22).
values and standard errors of means are compared. A, Experiment 1 Isolated ileal loops in rabbits exhibit villus atrophy,
nonabsorbable antibiotics. B, Experiment 2, including an absorbable crypt depth increase, and Paneth cell hyperplasia within
antibiotic. 2 weeks of surgical creation (20). These loops contain a

FIG. 2. Photomicrographs of control
ileum (left), antibiotic loop (center), and
saline loop (right) of one animal of ex-
periment 1. Antibiotic treatment in this
animal prevented the Paneth cell hyper-
plasia and increase in crypt depth seen
in saline loops, but villus atrophy was
unchecked. X208.
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previously characterized aerobic bacterial flora (21) and ing of lysozyme secretion (27) further supported this,
are not co!.tinuous with the intestinal chyme. We chose and indeed, the chitin-cleaving property of lysozyme may
to study the effects of antibiotic administration on the explain the immense population of this cell in the Bra-
histology of these loops. zilian ant bear (25). Recently, intestinal phospholipaseIn the present studies, villi in both antibiotic and saline A2 and trypsin-like reactivities were identified in rat and
loop, were shorter than normal ileum, with little differ- human Paneth cells. respectively (28, 8). Separately,
ence found between loops. These data agree with the however, the demonstrations of phagocvtosis of luminal
work of Altmann and LeBlond (3. 4), which demon- organisms by rat Paneth cells (11, 12), and the known
strated that trophic factors affecting villus size were antibacterial actions of lysozyme (5), supported an anti-
secreted in the duodenum; pancreatic secretions were microbial role.
found to be more important than bile. This trophic effect Hyperplasia of Paneth cells characterized the isolated
of chyme may explain the observation that self-emptying loop model (20). We have reduced or prevented these
and self-fifing blind loop -an have opposite mucosal changes through use of intraluminal antibiotic cocktails,
changes (7). The proximal origin of these factors in the suggesting that Paneth cell hyperplasia may be a re-
small bowel may help maintain the gradient of villus sponse to bacterial overgrowth in a stasis situation.
height from duodenum to ileum, aiding the gradient Whereas Paneth cell hyperplasia may often be a nonspe-
inherent in the tissues (19) and effecting adaptive cific response to mucosal injury, our data suggest that
changes in the distal mucosa after small bowel resection the bacterial flora be considered as a possible accompa-
(35). Both indirect (10) and direct (23) effects of nu- niment in some conditions associated with Paneth cell
trients on gut mass have been found, but villus atrophy hyperplasia, and that attempts to gauge possible Paneth
was not found to be prevented by intraloop infusion of cell hyperplasia would be useful in the evaluation of
nutrient medium in the previous study of rabbit Thiry- mucosal changes associated with bacterial overgrowth.
Vella loop morphoiogy (20). Villus atrophy in dog Thiry- We have explored two models of intraloop antibiotic
Vella loops of jejunum was reportedly prevented by daily administration. The use of nonabsorbable antibiotics
saline perfusion, but few details were provided in an allows both an antibiotic loop and a saline loop to be
abstract (18). Chyme probably has a potent trophic ef- compared within an animal, and therefore the use of the
fect, but other factors including hormones may also effect more powerful method of paired analysis. The virtual
trophic action (17). Of special interest was the absence absence of flora using the combination of cefoxitin and
of significant mu osal atrophy in some reports of isolated gentamycin, however, generally was the more useful
segments of small bowel, including ileal urinary conduits moc:l. Development of a more effective combination of
(32, 9). nonabsorbable antibiotics would aid these studies.

Histologic studies of small bowel changes in blind loops The incomplete restraint of bacterial flora with our
and other surgical alterations have not consistently re- nonabsorbable antibiotic combination provided a useful
ported villus height and crypt depth separately. In a comparison in that the degree of Paneth cell hyperplasia
study of an experimental blind loop syndrome in rats, here was also intermediate, suggesting that bacterial
s ,i-emptying loops had villus atrophy and self-filling flora, and not a direct effect of antibiotics on the mucosa,
loops had villus elongation; both conditions had an in- accounted for the findings. We did not find evidence of
crease in crypt depth, however (33). We have presented toxic mucosal changes attributable to antibiotics by
further evidence that changes in villus height and crypt either light (present studies) or electron microscopy (as
depth are not parallel processes, and that separate meas- part of an ultrastructural study of ileal mucosal cells in
urement of crypt depth provides independent informa- various environments including ileal loops and tissue
tion. culture, not detailed here).

Antibiotic use decreased or prevented the changes in The isolated ileal loop model used here differed from
Paneth cell population and crypt depth. This effect cor- the usual clinical setting of small bowel bacterial over-
related with a reduction in the bacterial colonization and growth. The environment in our model is aerobic, the
was greatest with use of the more powerful combination range of organism type is restricted, and exogenous nu-
of cefoxitin and gentamycin. Our findings recall those of trients are not provided.
Sprinz (31) two decades earlier, where he found relatively A more elaborate study, such as creation of isolated
shallow crypts in germ-free animals; those monocontam- ileal loops in germ-free animals, would be necessary to
inated with E. coli developed an increased cryp. depth. directly evaluate the contribution of bacteria to the mu-
While Sprinz did not comment on the Paneth cell pop- cosal alterations in an antibiotic-free system. In our
ulation, in our model, morphometric analysis allowed us present studies, Lntibiotic administration prevented the
to conclude that the increase in crypt depth was essen- Paneth cell hypcrplasi,- which otherwise characterizes
tially attributable to Paneth cell hyperplasia. This may the isolated rabbit ileal loop model. We suggest that
help explain why this model shows an increase in crypt bacteria may account for some of the morphologic
depth, whereas some conditions of small bowel bypass changes seen in the isolated loops and that the hyperpla-
show crypt atrophy (26). sia of Paneth cells may be a protective response to the

The location of Paneth cells in the crypts and the earls heavy contamination bv aerobic bacteria. Finally, the
studies showing secretion of digestive enzymes (2, 14), maiip'ilation of Paneth cell hyperplasia by this model
along with their absence in the carnivores (36), strongly system otfers a unique opportunity to study the function
associated these cells with a digestive purpose. The find- of these interesting cells.
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Models to Follow Secretory IgA Response to
Mucosal Infections'

David F Keren

Biochemistr, Section. Department of Patholog\. The Universit. of Michigan. Ann Arbor. Mich.. USA

Introduction Trafficking of Gut-Associated Lymphoid
Cells

Ig was first described in 1959 and in
1965 was demonstrated to occur mainly on Secretory IgA response is stimulated best
mucosal surfaces [1, 2]. While much experi- by antigens applied to the intestinal lumen.
mental evidence gathered in the ensuing 2 It is known that luminal antigen is taken up
decades has allowed us to make some general by specialized surface epithelial cells which
and some specific statements about this anti- overlie Peyer's patches, the appendix and
body and its functions in vivo, we are still in isolated lymphoid follicles in the gut [3, 4].
the dark about many important details of This material stimulates underlying B lym-
this interesting molecule. The formation of phoblasts (which are enriched with precur-
secretory IgA involves the unique collabora- sors for developing an IgA isotype). These
tion between an epithelial cell which pro- cells leave the gut-associated lymphoid tis-
duces the 60,000-dalton glycoprotein secre- sues and migrate in turn to the mesenteric
tory component and the plasma cell which lymph nodes, the thoracic duct and eventu-
produces the IgA. The IgA is produced by ally lodge in the spleen where they undergo
plasma cells in the lamina propria. and some degree of maturation [5-8]. During
transported to the surface epithelium where their maturation, they come under the in-
it attaches to secretory component. It is then fluence of switch T cells which encurage the
secreted into the lumen where the secretory B lymphocytes to alter their isotype from p.-
component acts to protect IgA from the pro- to ct- heavy chain [9]. Also. helper T cells
teol.tjc environment of the gut lumen [2]. which augment the IgA response are known

to enhance the production of cells commit-

This work was supported in part h, US Arm% ted to IgA synthesis [10]. These B cells then
Medical Research and Development Command con- travel to a variety of mucosal surfaces in-
tract No. DAMD 17-85-C-5006. eluding the gastrointestinal tract, bronchial
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mucosa, mammary glands and salivary tions accumulate in these isolated loops.
glands. However. there is some evidence that These are collected by injecting 10-20 ml of
the homing is influenced by the site of anti- air into one end of the silasti, tubing. The
genic stimulation [11]. Further, we have opaque fluid expelled from the other loop is
learned that plasma IgA is transported into centrifuged and the clear supernatant is
bile and then into the small intestine. Biliarv stored for analysis of specific immunoglobu-
tract obstruction results in decreased intesti- lin content.
nal lumen IgA and increase in secretory IgA Using this model system we have fol-
in plasma [12]. lowed the secretory IgA response to cholera

toxin. Shigella. shiga toxin, and most re-
cently to small carcinogens attached to car-

Mucosal Immunity to Infectious Agents: rier proteins [14-17]. Our most extensive
Model Systems studies took advantage of the variety of

strains of Shigella flexneri produced in the
In the past few years. a wide variety of laboratory of Dr. Samuel B. Formal at the

animal model systems have been established Walter Reed Army Institute of Research.
to study specific aspects of the mucosal im- Originally, we predicted that only strains
mune response. Considering the diversity of which were invasive would be effective im-
the model systems, remarkably consistent in- munogens to be given orally for stimulating
formation has been produced from these the IgA response in intestinal secretions.
studies. This report reviews several model Therefore, for our initial studies, we looked
systems which have proven to be of use in at the sIgA response to the locally invasive
studying secretory IgA responses. hybrid of S. flexneri and Escherichia colt,

Our laboratory was interested in follow- Shigella X 16. We found that a single oral
ing the kinetics of the development of secre- dose of live Shigella X 16 would elicit a
tory IgA responses against enteropathogenic weak primary lgA response which could be
bacteria and their toxic products. To allow followed in the intestinal secretions of the
us to collect sequential secretions, we devel- isolated loop (fig. 1) [181. Note that the loop
oped a chronically isolated. ileal (Thiry-Vel- itself never was exposed to the antigen. We
la) loop model in rabbits [13]. For this proce- were relying on the lymphocyte trafficking,
dure. we operate on animals under condi- described above, to provide the isolated loop
tions similar to human surgery. A 20-cm seg- with the antigen-specific cells.
ment of ileum is isolated with its vascular ")ur next studies centered on proving that
supply intact. Silastic tubing is sewn into the a secretory IgA memory response could be
two ends of the isolated loop. Intestinal con- elicited in intestinal secretions after oral
tinuity is restored by anastomosis. While the priming. This demonstration was key to de-
isolated loop remains in the peritoneal cavi- velopment of logical oral \accination pro-
t, the silastic tubing is brought out through grams. As other workers had suggested that
the abdominal incision and tunnelled subcu- multiple oral doses were more effective than
taneously to the nape of the neck \%here it is a single dose in priming animals for mucosal
exteriorized and secured. The abdominal in- immune responses. we primed rabbits by
cision is closed. Daily. about 2 ml of secre- giving three weekly oral doses of Shigella
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Fig. 1. IgA anti-S. flexneri lipapo-
lsaccharide in ileal loop secretions
following a single oral challenge with

live Shtgella X 16. The group primed
with three live Shi ella X 16 given
orally 60 days prior to the challenge

S0 5dose had significantly stronger re-
Twme after oral challenge, days sponses (n) than the unprimed rabbits

__ (e). SEM are indicated.

X 16. The animals were allowed to rest for 2 suits of studies where animals were primed
months after the third oral dose. At that with three oral doses of either heat-killed
time, a chronically isolated ileal loop was Shigella X 16 or with noninvasive S. flexneri
created and the animals were given a single 2457-0 allowed to rest for 2 months and then
oral challenge with live Shigella X 16. As challenged orally with live Shigella on day 0
shown in figure 1, a striking secretory IgA are shown in figure 2. The heat-killed Shi-
memory response was detected in the intesti- gella were totally ineffective in priming ani-
nal secretions from these animals [18]. Even mals for a secretory IgA memory response.
2 months after the last oral dose of antigen, In contrast, the animals given the noninva-
there was a significant amount of IgA anti- sive S. flexneri 2457-0 strain had a marked
Shigella lipopolysaccharide activity in the increase in the secretory IgA activity to S.
primed animals on day 0. The kinetics of the flexneri lipopolysaccharide [ 19].
response after the oral challeng, in the Because of the poor results with heat-
primed animals was remarkably strong by killed bacteria, we were concerned that the S.
the 4th day. flexneri 2457-0 strain may have been able to

While these studies documented the exis- revert to one with pathogenic capabilities
tence of a secretory IgA memory response to since this bacteria strain contains the
orally administered anigens. since the anti- 140.000.000-dalton virulence plasmid re-
gen used was able to invade, it would be sponsible for invasion of the colonic epithe-
inappropriate for use as a vaccine in hu- lium. Further. in clinical trials, this strain
mans. Therefore, we performed further stud- was found to occasionally produce symp-
ies with live. noninvasive and with heat- toms in volunteers receiving the vaccine
killed Shigella antigens to determine if a orally. Therefore. we recently repeated these
mucosal memory response could be elicited studies using the S. flexnert M4243AI strain
with safer forms of antigen given orally. Re- which lacks the 140.000,000-dalton plasmid
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3

IT

Fig. 2. lgA--anti-S t ihvneri lipo-
polvsacchande in ileal loop secre-
tions following a single oral chal-
lenge with live S. ftexnr, 2457-0.
The group primed with three liye I
oral doses ofthis noninvasive strain
60 da.s prior to the challenge dose E
had a significantl. stronger re-
sponse (o) for the first 2 weeks than E
animals primed with three oral ij 0 0 5 10 1 -o 5 10 15 20
doses of heat-killed S. fl'Vnert (a). Time after oral challenge, days

SEM are indicated.

3

Fig. 3. IgA anti-S. .lexnerj lipo-
polysaccharide in ileal loop secre-
tions following a single oral chal- . . -

lenge with live S.Ilexneri M4243AIT
which lacks the 140,000.000-dalton
plasmid associated with virulence. E
The group primed with three live .9
oral doses of this noninvasive strain
60 days prior to the challenge dose o 0
had significantly stronger responses 0 5 10 15

(E) than did the unprimed rabbits Timeaftwoalchalen".days

(W). SEM are indicated.

and which thus cannot invade. As shown in In our hands, in contrast. heat-killed Shi-
figure 3. a single dose of this noninvasive gella were not effective immunogens to stim-
strain elicited a strong primary lgA response ulate this memory response. Others. how-
and the triple priming, as above, elicited .: ever, have succeeded in eliciting strong IgA
strongest IgA memory response deserved to responses with nonviable antigens. The most
date (20]. Therefore, the secretory IgA mem- notable of these has been the use of cholera
ory response can be primed by oral immuni- toxin as antigen in studies of mucosal immu-
zation with live, noninvasive Shigella. nity. Pierce [211 developed a model system
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in which rats were given an intraperitoneal tage of a mouse model system is that only a
priming with cholera toxin (or various tox- single datum point can be obtained from
oids) in complete Freund's adjuvant fol- each mouse. Although inbred mice would be
lowed by an intraduodenal challenge with expected to behave similarly to rabbits. the
the antigen. The IgA response was evaluated lack of kinetic studies limits the ability to
using an immunohistologic technique to follow the rate of mucosal antibody rise or
identify cells containing specific antibody to decline in this experimental animal.
cholera toxin in the lamina propria. They Killion and Morrison [25] used an intra-
found that priming as described with cholera peritoneal route to induce protection of
toxin results in a strong mucosal anticholera C3H/HeJ mice and Saxen et al. [26] used the
toxin response. Further, such mucosal im- same route to protect rabbits from patho-
mune responses were enhanced by use of a genic strains of Salmonella typhimurium.
lipoidal amine adjuvant (Avridine) deliv- The intraperitoneal route of immunization
ered in liposomes. We have not been able to in experimental animals has been used suc-
reproduce such a positive response with our cessfully for many years. It is particularly
Shigella system [22]. Similar responses in- effective in stimulating both an IgG and IgA
rabbits have been reported by Pierce et al. response. Since the intraperitoneal route
[25] and by others. As in our studies with would not be used in any vaccine studies in
Shigella, Pierce et al. found that viable Vi- humans, its use is limited to looking at the
brio cholerae elicited the most effective mu- maximal potential of mucosal immune re-
cosal articholera toxin response in rabbits. It sponses in experimental animals. For their
is possible that live V cholerae are taken up protection studies these investigators [25,
by M cells in the mucosa and may thereby 26] injected mice intraperitoneally with dilu-
enhance presentation of secreted cholera tions of specific immunoglobulin fractions
toxin to the underlying lymphoid tissues, and a challenge dose of the Salmonella. Both

A similar toxin, heat-labile E. coli entero- IgA and lgM isotypes were found to be more
toxin, has been successfully used to raise vig- protective than IgG isotypes. The form in
orous titers of IgA antitoxin in mice. The which the antigen is presented may be partic-
system used by Clements et al. [24] involved ularly important in the level of protection
oral immunization of Balb/c mice with Sal- achieved. Killion and Morrison [25] found
monella typhi containing genetic material for that when lipopolysaccharide-lipid A-associ-
the synthesis of the nontoxic B subunit of the ated protein complexes were used to immu-
heat-labile E. coli [24]. Secretory IgA was nize mice, they were protected against chal-
collected when the animals were sacrificed lenge with a 1.000-fold le'al dose (kD1 00) of
and their intestinal contents removed and S. t'phimuri'mi. Immunization with lipo-
purified for evaluation by Elisa. The result- polysaccharides alone, in contrast, provided
ing mucosal IgA.anti-B subunit was found to significantly less protection [25].
be capable of neutralizing the biologic activ- Primates have provided important clues
ities of both the E. coli toxin and the related concerning the potential effectiveness of oral
V. cholera toxin. The mucosal IgA antitoxin vaccines for humans. Formal et al. [27] pro-
response was boosted by either intraperito- vided critically important information with
neal or oral doses of antibody. The disadvan- this model system. Recent work in their lab-
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oratory involved the oral administration to catheter placed into the common bile duct to
rhesus monkeys of an invasive E. coli K-I 2 allow sequential sampling of biliary IgA over
hybrid strain able to express S. flexneri 2a a 1- to 5-day period. Live trophozoites were
somatic antigen. As with our studies using injected directly into the proximal duode-
oral immunization in rabbits with Shigella, num, or into the Peyer's patches in some
the serum antibody " Nponses were variable rats. They found that intraduodenal injec-
in the monkeys. Nonetheless, animals fed tion resulted in secretory IgA in the bile
two or three weekly oral doses of live bacte- against the Giardia by days 4-6 after the
ria possessed significant resistance against dose. Interestingly, the intrapatch injections
oral challenge doses with virulent S. flexneri were ineffective at stimulating specific mu-
2a 2 weeks after the last oral vaccine dose. cosal immunity. Fluorescence studies
Only 15% of 40 monkeys which received the showed that the antibody reacted with all
vaccines became ill as compared to 60% of areas of the parasite including the adhesive
the control monkeys [27]. This work demon- disk [291. This indicates that this immunity
strated both the potential effectiveness of the may be able to interfere with binding of the
oral route to stimulate mucosal protection parasite to the intestinal epithelium. The ki-
and showed that a non-Shigella carrier or- netics of the response to the parasite was the
ganism could be constructed 'o confer im- same as that found to Shigella in the rabbit
munity to Shigella antigens. Thiry-Vella loop system.

Viral gastroenteritis in dogs may be Other workers have concentrated on the
caused by canine parvovirus. The virus has !act that bile contains considerable secretory
been responsible for massive outbreaks of IgA. While some of the IgA clearly derives
severe bloody diarrhea, vomiting and death from the serum, Gilman et al. [301 found
in dogs. Clinical studies on dogs with canine that the gallbladder is able to mount its own
parvovirus gastroenteritis examined the iso- mucosal immune response after stimulation
type of antibodies present in feces and serum with microorganisms. For their work. anes-
of infected dogs to determine what types of thetized rabbits had E. co/i and Streptococ-
antibodies correlated with a favorable prog- cus faecalis injected in a volume of 0. 15 ml
nosis. Only intestinal antibodies to canine directly into the gallbladder. One week later,
parvovirus correlated with resistance to gas- the bile was aspirated and tissue samples of
troenteritis in this condition [28]. the gallbladder were examined. Evidence of

Bacteria and viruses have not been the local immune response included the progres-
only infectious agents studied for mucosal sive increase in chronic inflammatory cells
immune responses in the gastrointestinal in the lamina propria of the gallbladder.
tract. Intestinal parasites such as Giardia many plasma cells among them [30]. Al-
lamblia are important human pathogens. es- though the specific antibody was not deter-
pecially in immune-compromised hosts. mined in these studies, it was determined
Loftness et al. [291 used a rat model to deter- that the major isotype present in these cells
mine whether inoculation of live G. lamblia was IgA.
trophozoites into the intestine would elicit The respiratory tract is another important
secretory immunity to this pathogen. In their part of the mucosal immune system which
studies, anesthetized rats had a polyethylene has been particularly difficult to study. Yet,
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the occurrence of common influenza infec- evidence of ADCC. It is unclear, as yet,
tions in the respiratory tract points to our whether this system operates in vivo. How-
need for model systems to evaluate such ever, the fact that abundant secretory IgA to
local immunity. To look at the mucosal im- pathogens is present together with functional
mune response to influenza A virus, Liew et lymphoid cells in the gut mucosa causes one
al. [31] used a murine system in which to seriously consider this potential mode of
CBA/T6T6 mice were immunized by either protective action.
aerosol or parenteral doses of Red influenza Enteropathogens often elicit a polymor-
virus. Eight to eleven weeks after the immu- phonuclear inflammatory response. There-
nization, they were challenged with Vic in- fore, the role of secretory IgA in phagocyto-
fluenza virus by aerosol. They found strong sis has been an important point which has
protection was achieved by the mice given received some attention in recent years.
the aerosol priming, but not by those primed Studies by Edebo et al. [33] used the mouse
parenterally. Furthermore, protection was myeloma protein MOPC 315, a monomeric
not correlated with specific serum antibodies IgA directed against DNP. They attached
or cytotoxic T cell reactivity. Rather, protec- DNP to S. typhimurium and found that the
tion paralleled the presence of cross-reactive binding of this antibody to the bacteria en-
secretory IgA in lung washings obtained hanced the interaction with phagocytic cells.
from the mice at the time of sacrifice [31]. As However, IgG was much more effective at
with studies of infectious diseases of the gas- removing the bacteria [34]. Importantly,
trointestinal tract, it appears that respiratory studies which have used secretory IgA have
tract infectious diseases can be prevented or found that it has had an inhibitory effect on
ameliorated by a vigorous antigen-specific the opsonization of bacteria. Therefore, at
local IgA response. the mucosal surface, it is likely that secretory

The mode of protection by secretory IgA !gA does not collaborate with phagocytes in
seems to be prevention of attachment of the the uptake of bacteria. The same may not be
microorganism or toxic product to the mu- true for parasites as Kaplan et al. [35] have
cosal surface. Recent workers, however, recently shown that secretory IgA against
have begun to explore other potential modes Giardia trophozoites were able to promote
of action of antigen-specific secretory IgA. parasite clearance.
Tagliabue et al. [32] used a combination of
Shigella-specific secretory IgA produced in Summary
the rabbit Thiry-Vella loop model and their
own intibody-dependent. cell-mediated cy- The secretory I&A system lies at the portal of entry

for mucosal pathogens. To study the effects of secre-
tory IgA. many models of local immune responses to

tor cells to look at this mode of dealing with infectious diseases have been developed in the past 2

enteropathogens- [32]. They found that both decades. They have indicated that secretory IgA is elic-

macrophages and some lymphocytes (Thy ited to mucosal microbial pathogens and that such

1.2-) could exert IgA-mediated ADCC when immunity may be protective in some circumstances.
The challenge of the next decade will be to optimize
the mucosal memory responses with safe vaccines and

ever, when gut-associated lymphoid tissue to determine the functional significance of the secre-

cells were used, only the lymphoid cells gave tory IgA response with respect to disease prevention.
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INTRODUCTION

The optimal regimen for stimulating a secretory IgA response in the intestine has yet to
be determined. It is well known that parenteral administration of antigen will result in
the formation of a systemic immune response directed to specific determinants on that
antigen. Depending on the characteristics of the antigen, its dose, and the genetic
capabilities of the animal, a humoral and/or cellular immune responses will result.
While similar mechanisms must occur to stimulate immunity to antigens which are
present in mucosal surfaces, including the gastrointestinal tract, less is known about the
specific form or dose of antigens which would best elicit the production of immunity in
the mucosa itself. It has been known for over a century that oral administration of
antigens can elicit protection to some enteric infections. The discovery that IgA is the
main antibody on mucosal surfaces provided the key for beginning definitive work to
understand the biology of the mucosal immune system (Tomasi et al. 1965). While
many tissues (bronchial mucosa, mammary glands, conjunctiva, genitourinary ract,
biliary tract, etc.) are involved with the mucosal immune response, the gastrointestinal
tract is overwhelmingly the major site of antigenic stimulation and immune response
for secretory IgA (Brandtzaeg 1985). Recent studies indicate that a combination of
parenteral and oral administration of antigens may enhance the initial secretory IgA
response to Shigella flexneri (Keren et al. 1988). This review explores the mechanism
for stimulation of the secretory IgA memory response to shigella lipopolysaccharide
(LPS) and to Shiga toxin. Further, evidence is presented to implicate M cells in the
initial mucosal ulcerations seen in dysentery.

CHRONIC INTESTINAL LOOP MODEL FOR STUDYING MUCOSAL IMMUNTY

V
Our Laboratory has been studying several aspects of the secretry IgA response to
enteropathogens by using a chronically isolated ileal loop model in rabbits. We use this
model as a probe to follow secretory IgA responses in rabbits given antigen by various
routes (Keren et al. 1975). For this model, 3 kg New Zealand white rabbits (specific
pathogen-free) are anesthetized with xylazine and ketamine. A midline abdominal
incision is made and the terminal ileum is identified. 20 cm of ileum containing a
Peyer's patch is isolated with its vascular supply intact. Silastic tubing is sewn into each
end of the isolated segment. The free ends of the tubing are brought out through the
midline incision and are tunneled subcutaneously to the nape of the neck where they
are exteriorized and secured. Intestinal continuity is restored by an end-to-end
anastomosis. The abdominal incision is closed in two layers. Each day, the secretions
(2-4 ml) that collect in the ileal loop can be expelled by injecting air into one of the
silastic tubings. Mucus is separated by centrifugation. The slightly opaque, colorless
supernatant is available to study of specific immunoglobulin content and activity.



This chronically isolated ileal (Thiry-Vella) model system has been used to study the
intestinal IgA response to cholera toxin, Shigella flexneri, Salmonella typhi, and Shiga
toxin (Keren 1978; 1982; Yardley et al. 1978). This model system has established that
multiple oral immunizations with live Shigella flexneri antigens are superior to
parenteral immunization in eliciting a secretory IgA response (Keren et al. 1982b).
However, by priming animals with a single parenteral dose of heat-killed shigella one
day prior to oral challenge, the initial (primary) mucosal immune response can be
improved (Keren et al. 1988). Since only secretions were tested in these studies, it was
not completely certain that the gut-associated lymphoid tissues (GALT) were
responsible for the IgA activity demonstrated. Therefore, our recent studies have
examined the IgA production by GALT cells from these animals.

LOCATION OF IgA PRECURSOR B LYMPHOCYTES FOR SHIGELLA FLEXNERI
FOLLOWING PRIMING FOR A MUCOSAL MEMORY RESPONSE

We originally predicted that only strains of shigella which were invasive would be
effective immunogens when given orally for stimulating the mucosal memory
response in intestinal secretions. To test this idea, we examined four strains of shigella
with different invasive capabilities (Table 1). Shigella flexneri M4243 contains the 140
megadalton virulence plasmid, gives a positive Sereny test, and invades the intestinal
epithelium. Shigella X16 contains the virulence plasmid and can invade the intestinal
epithelium, however, it does not replicate following this invasion and does not give a
positive Sereny test. S. flexneri 2457-0 contains the virulence plasmid, but does not
invade the surface epithelium and does not give a positive Sereny test. The last strain
studied, S. flexneri M4243A1 lacks the virulence plasmid and does not invade the
intestinal epithelium. Surprisingly, when administered orally, all four strains were
able to elicit vigorous mucosal memory responses (Keren et al. 1985; 1986). Indeed, the
strongest response was elicited by the avirulent M4243A1 strain (Keren et al. 1986).

Table I. Characteristics of Shigella used in the present studies

Strain Virulence plasmid Sereny test Intestinal invasion

S. flexneri M4243 + + +

Shigella X16 + o +

S. flexneri 2457-0 + o o

S. flexneri M4243A1 o o 0

Since all four strains could elicit a mucosal memory response, we wished to determine
the location of specific antigen-reactive cells following different priming regimens and
to establish their migration pattern after oral challenge. In these studies, we used S.
flexneri M4243A1 for immunization. Three intragastric immunizations were given
one week apart at 74, 67, and 60 days prior to dissection. One to ten days before
dissection, the rabbits were given a single oral dose of live S. flexneri M4243A1. The
rabbits were sacrificed and the lymphoid populations in the spleen, Peyer's patches, and



mesenteric lymph nodes were sampled. Tissues were cut into 1 cm3 fragments with a
sterile blade and placed in cold RPMI-1640. The cells were carefully teased apart and
passed through the steel mesh. This material was centrifuged at 400 x g at room
temperature for 7 minutes. The pellet was gently resuspended and washed twice in
RPMI 1640 medium. The total number of cells and their viability were determined. 4 x
106 mononuclear cells in 1 ml tissue culture medium were added to each well of 24
well polystyrene tissue culture plates with flat bottom wells (Costar). Cultures were
placed in a humidified, 5% C02, 370 C incubator. At the tim,,s indicated (days in
culture), three wells for each tissue were aspirated. Cellular deoris was removed by
centrifugation at 4,4 x g for 5 minutes and the supernatants were stored at -20oC until
they were assayed. Assays were performed using a previously described ELISA specific
for IgA and IgG antibodies to S. flexneri LPS (Keren 1979).

In Tables 2,3, and 4 are shown the IgA anti-Shigella LPS responses from rabbit Peyer's
patches, mesenteric lymph ncde, and spleen, respectively. It is clear from these data
that as early as one day following rechallenge with live M42J1, IgA-specific B

lymphocytes are present within Peyer's patches. By the fourth day following
rechallenge, a significant increase is seen in the amount of antigen-specific IgA
produced. Strikingly, by the fifth day, B cells have left the Peyer's patches only to return
by the tenth day following rechallenge. Indeed, by day ten, considerable antigen-specific
IgA can be detected as soon as the second day in tissue culture. This implies that the
cells present in Peyer's patches were present in considerably greater numbers at the later
times.

In contrast, the lymphocytes from mesenteric lymph nodes from the first day following
rechallenge were unable to produce specific IgA anti-Shigella LPS. By th hird
postchallenge day, there was a dramatic increase in the IgA anti-Shigella LPS which
persisted through the fourth day in mesenteric lymph node cells. However, by the fifth
day postchallenge these responses had returned to baseline values indicating that the
cells traveled from the Peyer's patches to the mesenteric lymph nodes within three days
following oral rechallenge. They left this station such that by day five postchallenge
little specific activity to Shigella LPS was detectable. It is likely that these cells then
traveled to the spleen as cultures from splenic mononudear cells on days one and three
show virtually no IgA anti-Shigella LPS activity, while the cultures from day four show
significant IgA anti-Shigella LPS activity (Table 4). The period of time within the spleen
is very brief as the activity declined by day five to almost baseline values. Beyond day
six, no significant IgA anti-Shigella LPS activity was detectable.

When these same tissues were examined in an unprimed rabbit, no significant IgA
anti-Shigella LPS activity was detectable from any tissue on any day. Studies of the IgG
content of these supernatants have been most instructive. Consistent with our former
in vivo data indicating that little IgG anti-Shigella LPS is present in intestinal secretions
(Keren et al. 1978; Keren et al. 1986), our present studies found little specific IgG
produced in the culture supernatants from the mononuclear cell preparations. This
indicates that the responses seen in the secretions do not merely reflect preferential
uptake of systemic polymeric IgA by intestinal epithelial cells with subsequent transport
into the gut lumen. Rather, they accurately reflect the capabilities of the mononuclear
cells stimulated following oral antigen administration to produce an IgA as opposed to
an IgG response to Shigella flexneri antigens.



Table 2. IgA anti-Shigella LPS in Peyer's patch supernatant

Days in culture Day after challenge

1 3 4 5 6 T0
0 0.008 O0.- 0.000 0.003 0.014 0.002
1 0.016 0.035 0.078 0.017 0.047 0.003
2 0.034 0.012 0.083 0.009 0.061 0.963
3 0.120 0.019 0.173 0.004 0.001 1.963
4 C.119 0.024 0.367 0.063 0.351 1.255
5 0.077 0.059 0.479 0.128 0.440 2.112
6 0.186 0.146 0.503 0.085 2.005
7 0.245 0.000 0.667 0.009 0.093 1.797

14 0.241 0.026 1.284 0.055 0.424 1.371
21 0.438 0.332 1.871 0.063 0.815 1.107

Table 3. IgA anti-Shigella LPS in c supernatant

Days in culture Day after challenge

1 3 4 5 6 10
0 0.000 0.051 0.000 0.008 0.012 0.004
1 0.006 0 .44 0.644 0.008 0.049 0.002
2 0.009 0.500 0.326 0.001 0.036 0.009
3 0.002 1.770 0.375 0.027 0.008
4 0.006 0.664 0.433 0.008 0.097 0.007
5 0.022 J.693 0.544 0.027 0.000 0.006
6 0.008 1.061 0.464 0.002 0.009
7 0.434 0.377 0.001 0.042 0.010

14 0.030 0.910 0.727 0.026 0.082 0.021
21 0.016 2.273 0.413 0.021 0.033 0.005

Table 4. IgA anti-Shigella LPS in spleen supernatant

Days in culture Day after challenge

1 3 4 5 6 10
0 0.000 0.053 0.000 0.M08 0.000 0.002
1 0.000 0.022 0.271 0.013 0.001 0.000
2 0.006 0.015 0.364 0.000 0.000 0.003
3 0.000 0.025 0.372 0.021 0.006 0.010
4 0.032 0.673 0.013 0.039 0.014
5 0.001 0.088 0.740 0.048 0.010 0.026
6 0.014 0.107 0.176 0.012
7 0.010 0.116 0.007 0.038

14 0.040 0.050 1.134 0.076 0.019
21 0.034 0.056 0.878 0.058 0.007 0.034
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M CELL TAKE OF SHIGELLA AND THE MUCOSAL LIMUNE RESPONSE

Since our previous studies demonstrated that oral or intraloop immunizations of all
four strains of S. flexneri (Table 1) were able to elicit a vigorous primary mucosal
immune response and a mucosal memory response, we hypothesized that these strains
must be processed in a similar manner by the GALT. We know from the work of Owen
(1977) that there are specialized surface epithelial cells which sample intraluminal
antigens including microorganisms (Bockman and Cooper 1973; Rosner and Keren
1984). It is clear that M cells respond to microorganisms present within the gut lumen.
A recent study by Smith et al. (1987) demonstrated that a significant maturation and
increase in the number of M cells occurs when specific pathogen-free mice were
transferred to a normal animal house environment.

1Io.t V

Fig. 1. Electron photomicrograph showing two Shigellae within an M cell

To determine how S. flexneri are processed by the intestinal epithelium, we allowed the
four strains of Shigella listed in Table 1 to incubate for 90 minutes or 18 hours in acutely
ligated loops of rabbit ileum. All four strains of Shigella showed readily demonstrable
uptake over the dome regions of the Peyer's patches. This was assessed in two ways.
First, ultrastructural studies were performed to demonstrate the bacteria within the M
cells in the follicle-associated epithelium (Fig. 1). Then, frozen sections of rabbit ileum
were obtained through Peyer's patches and adjacent villus epithelium. These sections
were stained with Giemsa stain to demonstrate the Shigella (Fig. 2). The frozen sections
allowed us to perform an accurate count of the bacteria. These counts were performed



with the aid of the Bioquant Biometrics Image Analyzer (Nashville, Tennessee) with an
IBM computer used to measure the actual length in millimeters of the lining
epithelium over the villi and over the dome regions of the Peyer's patches. The
average of 100 areas for dome and villus areas from representative rabbits was

calculated. This allowed us to directly express data as bacteria/mm 2 of surface
epithelium. Further, it permitted a direct comparison of villus surface area to follicle-
associated epithelium surface area. To be included in a count, we required that the
entire Shigella be located within the cytoplasm. By focusing up and down, a vacuole
was usually discernable around each engulfed bacterium (Fig. 2). Bacteria which were
adherent to the surface epithelium but which were not clearly present within the
cytoplasm were not counted.

I -
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Fig. 2. Photomicrograph depicting Shigellae (arrows) within the surface epithelium

The bacteria seen at the 90 minute time period by ultrastructural studies were contained
within membrane lined vesicles (Fig.1), although some vesicles in the loops given the
pathogenic strain (S. fiexneri M4243) showed early evidence of breakdown of the
vesicles. The three nonpathogenic strains (Sereny test-negative) were taken up with
equal efficiency regardless of their invasive capabilities or of the presence of the 140
megadalton virulence plasmid. All strains examined had relatively few Shigella (ten
fold less) within the villus epithelium as compared to the follicle-associated
epithelium. The pathogenic strain S. flexneri M4243 had significantly greater uptake of
the bacteria in the dome regions than did the three nonpathogenic strains (Fig. 3).
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Fig. 3. Uptake of Shigellae by follicle-associated epithelium (FAE) and villus
epithelium (VE)

Both pathogenic and nonpathogenic strains of Shigella were taken up preferentially by
the specialized M cells in the follicle-associated epithelium as opposed to the villus
epithelium; therefore, M cells do not distinguish between Shigella on the basis of
expression of antigens encoded by the virulence plasmid. Since all four strains have
been found to elicit significant mucosal immune responses in our previous studies
where direct intraintestinal stimulation was given to chronically isolated ileal loops
and since the three non-invasive strains could prime rabbits for mucosal memory
response regardless of their ability to invade surface epithelium or the presence of the
140 megadalton virulence plasmid, we believed that the strains would be sampled with
equal efficiency by the surface M cells. The findings in these acute loop studies are
consistent with this hypothesis. There was, however, a significant difference of the
uptake of the pathogenic S. flexneri M4243 strain versus the avirulent strains at 90
minutes. This likely reflected the successful replication by the latter bacteria within the
tissue following uptake. Therefore, we followed this process for 18 hours to allow
replication to continue and pathologic events to occur. After 18 hours of incubation,
profound mucosal ulceration was seen exclusively with the S. flexneri M4243 strain.
The acute loops incubated for 18 hours with these bacteria showed a hemorrhagic
surface with marked acute inflammation throughout the lamina propria. Ulceration
was present predominantly in the dome regions over the Peyer's patches. Although
there was mucosal damage in the adjacent villi, the surface epithelium was, in general,
intact. With the pathogenic M4243 strain, myriads of microorganisms were seen in the
exudate over the ulcer and within the tissues, attesting to their successful replication.



In marked contrast, Shigellae were not found within the surface epithelium of acute
loops incubated with the noninvasive strains for this time. Further, the three
nonpathogenic strains showed no ulceration after the 18 hour incubation. With the
Shigella X16 strain, there was some hemorrhage in the lumen. However, the
epithelium overlying the villi and the dome regions of Peyers patches in animals
given the Shigella X16 strain was intact.

These findings indicate that in addition to being the site for antigen sampling, M cells
serve as the portal of entry for pathogenic microorganisms. Indeed, M cells have been
proposed by others as a portal of entry for intestinal pathogens including the human
immunodeficiency virus (Sneller and Strober 1986).

MUCOSAL IMMUNE RESPONSE TO SHIGA TOXIN: FUNCTIONAL SIGNIFICANCE

While invasion with replication in the mucosa is the main mechanism in the
pathogenesis of dysentery, it has been known for some time that Shigella dysenteriae 1
produces a protein cytotoxin, Shiga toxin, which in tissue culture inhibits protein
synthesis in specific cell lines (Sandvig 1987; Brown 1980; Eiklid and Olsnes 1980). Since
Shiga toxin must first bind to a glycolipid receptor before it can initiate cell change in
vitro (Brown et al. 1983), the presence of an antibody to interfere with this binding
would theoretically interfere with the cytotoxicity process.

Vigorous mucosal immune responses can be elicited to other enterotoxins (Yardley et
al. 1978; Pierce et al. 1983). Studies using the present Thiry-Vella loop model system
have stressed that cholera toxin is a most potent mucosal immunogen (Yardley et al.,
1978). In the present studies, we immunized two rabbits intraloop with a preparation of
Shiga toxin provided by Dr. J. Edward Brown. The results in Fig. 4 show the specific
intestinal antibody activity from two rabbits given direct intraloop immunization with
Shiga toxin. The Shiga toxin was given on days 0, 7, and 14. We found that by day 10, a
significant increase in the IgA anti-Shiga toxin activity over background had occurred.
Booster doses of Shiga toxin given on days 7 and 14 had the effect of decreasing both the
IgA anti-Shiga toxin activity in the following day's sec --tio, as well as decreasing the
inhibition titer of the loop secretions performed in the He : -ell assay. This was due to
binding of specific IgA in these secretions by the Shiga toxin. Both doses were followed
by substantial increased IgA activity in subsequent days. There was an excellent
correlation of the IgA anti-Shiga toxin activity with the inhibition titer. Little IgG anti-
Shiga toxin was detected in these intestinal secretions. Future studies will attempt to
confirm these results in a larger group of animals and to establish whether a secretory
IgA memory response against Shiga toxin can be elicited. It is notable, however, that
Shiga toxin is second only to cholera toxin in being able to elicit a vigorous secretory
IgA response to our model system. Since it is clear that IgA responses are highly
dependent on T cell control mechanisms (Kawanishi et al. 1983; Campbell and Vose
1985), it may be worthwhile to study the mechanism of Shiga toxin mucosal
stimulation to determine how it interacts with helper or switch T cells.
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Fig. 4. Mean IgA anti-Shiga toxin activity (ELISA) (squares) correlates well with the
mean cytotoxicity inhibition titer (circles) in secretions from immunized rabbits

SUMMARY

Mucosal immunity to some enteropathogens occurs naturally following infection. By
learning how to optimize initiation of the mucosal immune response it will be possible
to develop vaccines against a wide variety of enteropathogens and their toxic products.
In the past few years, we have examined stimulation of the mucosal response to
Shigella antigens. We have found that the mucosal memory response to Shigella LPS
can be stimulated by oral immunization with live, but not with killed Shigella. This
primes specific B lymphocytes which, following rechallenge, quickly migrate from the
Peyer's patches to mesenteric lymph nodes, the spleen, and back to the Peyer's patches.
We have found that the uptake of S. flexneri is the initial step in developing a mucosal
immune response to Shigella. Whereas there is little difference between the initial
uptake of virulent and avirulent bacteria by M cells, pathogenic strains of Shigella are
able to replicate following their uptake by the specialized M cells located in the follicle-
associated epithelium of the gut. This likely serves as the source of the ulcerative
lesions found in dysentery. Lastly, we have detected a vigorous secretory IgA response
to Shiga toxin. The titer of IgA activity to Shiga toxin from these loop secretions
correlated well with the ability to prevent Shiga toxin cytotoxin effects in vitro. The
extremely vigorous mucosal immune response to Shiga toxin makes this an attractive
alternative to cholera toxin to potentiate the secretory IgA immune response.
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