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One major stumbling block in the development of an effective means to
immunize against shigellosis and other enteric diseases has been the lack of a
means to assess sequential mucosal immune reponses to different potential
immunogens. In the present study, we compared the abilities of live invasive
organisms, noninvasive organisms, and nonviable antigen preparations of shigella
to elicit mucosal immune responses. Whereas previous studies have found that
effective immunity was produced best by vaccination with live invasive strains of
shigella, in the present study, live noninvasive strains that did not produce any
histopathological damage were consistently able to produce local (immunoglob-
ulin A) immune responses as vigorous as those of the invasive strains. Further,
acetone-killed shigella antigen was also an effective mucosal immunogen, whereas
hot phenol-water-extracted shigella lipopolysaccharide was ineffective, possibly
due to the method of preparation. A single oral or parenteral priming was
ineffective in enhancing the mucosal immune response when restimulated 1
month later with the same antigen. However, a mucosal memory response was
found to be present several months after a triple mucosal stimulation with a
locally invasive vaccine strain.

Bacillary dysentery results primarily from in-
vasion of the colonic epithelium by shigella with
subsequent multiplication and persistence of the
shigella in the tissue (27, 28, 45, 46). Focal ulcer-
ations at these sites of invasion result in the
blood-tinged, mucus-containing frequent stools
that characterize dysentery. A watery diarrhea
in shigellosis that may accompany, but often
occurs apart from, dysentery may be due to the
production of a toxin by the shigella (24, 35, 43).
Protection against dysentery by vaccination has
been a long-sought goal, but has not been at-
tained, at least partly due to the lack of experi-
mental models to aid in understanding the mu-
cosal immune response to shigella antigens.
Although it is well known that parenteral

immunization with killed shigella vaccines re-
sults in high levels of circulating antibodies to
this antigen, these vaccines have serious local
and occasionally systemic side effects; moreover,
there is little evidence that vaccinated individ-
uals have any protection against the natural
disease (11, 16, 17). In fact, the use of parenteral
vaccination against dysentery has been aban-
doned at the present time (48).

In contrast, orally administered shigella have
been shown to confer some protection in both
experimental animals and humans, but this pro-
tection against subsequent challenge with the
immunizing strain did not correlate with serum

antibody titer. Most of the techniques used for
assay did not address the question of specific
mucosal antibodies (4, 7, 8, 10, 14, 31, 33, 34).
This immunity could have reflected a local im-
mune response. As a consequence, we have in-
vestigated the local immune response of rabbits
to a variety of shigella vaccine preparations.
The present work uses our previously de-

scribed chronically isolated (Thiry-Vella) intes-
tinal loop model in rabbits (15, 19, 20, 21, 49) to
compare invasive, noninvasive, acetone-killed
whole shigella, and purified shigella lipopolysac-
charide (LPS) with regard to their immunoge-
nicity. These studies demonstrate that killed
shigella antigens can be effective local immuno-
gens and provide evidence for the existence of a
mucosal memory response to shigella antigens.

MATERIALS AND METHODS

Preparation and care of Thiry-Vella loops. Our
previously described method (19) was used to con-
struct chronically isolated segments of ileum, 20 cm
long, in 32 2- to 3-kg New Zealand white rabbits.
Briefly, while the animals were anesthetized with a
combination of xylazine and ketamine, a midline ab-
dominal incision was made, the terminal ileum was
identified, and a 20-cm segment containing a single
Peyer's patch was isolated with its vascular supply
intact. An end-to-end anastomosis restored continuity
to the ileum. Silastic tubing was sewn into each end of
the 20-cm segment of ileum. The silastic tube was
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brought out through the midline abdominal incision
and tunneled subcutaneously to an opening in the
nape of the neck where it was secured.

Secretions from the isolated loops were collected
daily by injecting 20 ml of air into one end of the
silastic tubes, thereby expelling loop fluid from the
other silastic tube. Approximately 2 to 4 ml of fluid
was obtained daily from each loop. This fluid was

centrifuged at 3,500 rpm for 10 min on a Sorvall GLC-
3 centrifuge to separate mucus and cell debris. The
clear-to-translucent supernatant was stored at -20°C.
After the collection of specimens, the loops were

flushed with saline to prevent mucus from obstructing
the silastic tubes. This saline was removed from the
loop by repeated injections of air.

Bacterial preparations. Three live shigella
strains, one acetone-killed strain, and one Westphal
LPS preparation containing Shigella flexneri 2a so-
matic antigens were used. Strain M4243 has been
shown to invade the epithelium of guinea pig intestine
and to persist with the formation of focal ulcerations
(7). Shigella X16 (a S. flexneri-Escherichia coli hy-
brid) invades locally, may form ulcers, but does not
thrive (persist) in guinea pig intestine (9). Strain 2457-
0 is noninvasive (10). The preparation of acetone-
killed strain M4243 (AK-M4243) and the shigella LPS
preparations have been described previously (10, 11,
20).
To determine the effect of the live shigella strains

on the rabbit Thiry-Vella loops, 10' live bacteria were

administered on the first day after surgery. Histologi-
cal sections of the isolated loop were prepared from
samples taken at 12 and 24 h. The sections were
stained with hematoxylin and eosin and Giemsa (to
enhance bacterial morphology).
Immunization schedule. The isolated Thiry-Vella

loops were given 10' live bacteria, 2.5 mg of acetone-
killed bacteria per ml, or 100 jg of shigella LPS per ml
in 4 ml of phosphate-buffered saline on days 1, 8, and
15 after surgery as shown in Table 1. The dose of AK-
M4243 was the equivalent of 4 x 1010 bacteria (6). One
hundred micrograms of purified LPS represented the
equivalent of 5 x 109 bacteria (dry weight) and were
used because equivalent doses of protein antigens
(cholera toxin, cholera toxoid, and keyhole limpet

hemocyanin) have been shown to be effective immu-
nogens in Thiry-Vella loops (15, 41, 49). Live invasive
strains were tested by guinea pig conjunctivitis assay
before use (29). Daily intestinal secretions and weekly
sera were stored at -20°C for assay.

Enzyme-linked immunosorbent assay. En-
zyme-linked immunosorbent assay for immunoglobu-
lin A (IgA) and IgG activity to shigella LPS Was
performed as described previously (18). All reactions
were performed in duplicate. This technique allows
detection of as little as 1.3 ng of specific antibody per
ml (18). Coefficients of variation of replicate samples
of IgG and IgA anti-shigella LPS are 3.6 and 9.0%,
respectively. Significance was assessed by Student's t
test.

RESULTS

Histopathological lesions produced by
live antigens. S. flexneri strain M4243 previ-
ously has been shown both to invade and persist
when administered orally to starved guinea pigs
(9). Similarly, M4243 created significant focal
ulcerations in the Thiry-Vella loops within 24 h
of administration intraloop (Table 2). The ulcer-
ations were predominantly present over the
Peyer's patches, although we noted occasional
ulcerations overlying villi. Giemsa staining dem-
onstrated bacterial invasion in the mucosa by 12
h after intraloop immunization (Fig. 1). S. flex-
neri-E. coli hybrid strain X16 previously has
been shown to invade but not to persist when
injected orally into starved guinea pigs (9).
When the X16 was administered into the rabbit
Thiry-Vella loops, focal accumulations of gran-
ulocytes were seen by 12 h, and focal ulcerations
were present 24 h after bacterial challenge. In
addition, bacterial invasion of the surface epi-
thelium was demonstrated by Giemsa stain (Ta-
ble 2). S. flexneri strain 2457-0 previously has
been shown to be incapable of invading the
surface epithelium when injected orally into

TABLE 1. Immunization schedule

Group No. of Antigen Dose" Route Schedule"animals
M4243 7 Live 4243 108 Intraloop 1, 8, 15
X16 6 Live X16 10 Intraloop 1, 8, 15
2457-0 6 Live 2457-0 108 Intraloop 1, 8, 15
AK-M4243 4 Acetone-killed 2.5 mg/ml Intraloop 1, 8, 15

M4243
LPS 6 Shigella X16 100 jg/ml Intraloop 1, 8, 15

LPS
Oral primed 7 Live X16 1010 OralC -30

Live X16 10w Intraloop 1, 8, 15
Parenteral primed 6 Heat-killed X16 1010 Intravenous -30

Live X16 108 Intraloop 1, 8, 15

'Dose given in 4 ml of phosphate-buffered saline.
Day 0 = day of surgical creation of Thiry-Vella loop.

'Oral dose given via orogastric tube.
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starved guinea pigs (10, 27). In a like manner, no
ulceration or evidence of bacterial invasion of
the mucosa was found when 2457-0 was admin-
istered into the Thiry-Vella loops (Table 2).
Local immune response to live shigella

antigens. By day 7 after intraloop administra-
tion of 108 live shigella, most of the animals in
each group (M4243, X16, 2457-0) had a meas-

TABLE 2. Histopathology produced by live shigella
antigens

,Shigella sponse" Rabbit Thirv-Vella loop

Invasion Pers Invasion Histopathol-
ence ogy

M4243') + + + Focal ulcera-
tion mainly
over Peyer's
patches

X16 + - + Focal ulcera-
tion mainly
over Peyer's
patches

2457-0 - - - No ulceration
" Guinea pig response from Formal et al. (9) (see

text).
b Live bacteria (10G) were administered.

urable IgA anti-shigella LPS response (Fig. 2).
The response reached a plateau during the sec-
ond week, although some animals (especially
those immunized with 2457-0) demonstrated a
further increase after the third intraloop stimu-
lation with antigen.
Whereas the mean IgA anti-shigella LPS lev-

els differ, sometimes considerably, on the days
tested, there was no statistically significant dif-
ference (P < 0.05) among these three groups for
any day. We consider this variation in response
to be a reflection of the use of outbred New
Zealand white rabbits. Although all rabbits in
any one group had similar temporal response to
the antigens, the actual strength of the response
varied considerably in each group as shown by
the standard error of the mean in Fig. 2. By day
25 after the first intraloop antigenic stimulation
(and 11 days after the third antigenic challenge),
the mean IgA anti-shigella LPS response in all
three groups decreased although none had re-
turned to base-line values.
IgG anti-shigella LPS was not detectable in

loop secretions from most animals in the three
groups. Notable exceptions were two rabbits,
one in the M4243 group and one in the 2457-0
group, that had weak (less than 0.5 optical den-

i._ _ _ VW a_

FIG. 1. Brightfieldphotomicrograph ofepithelium overlying a Peyer'spatch dome ofrabbitgiven S. flexneri
M4243 12 h previously. Numerous bacilli (arrows) have invaded the surface epithelium (E), two ulcerations
(U) are present with pus in the lumen (L), and granulocytes (G) are passing through the damaged epithelium.
(Giemsa, 750x).
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FIG. 2. Mean IgA anti-shigella LPS in Thiry- Vella loop fluid from animals immunized intraloop with 108
live M4243, X16, 2457-0, 2.5 mg ofAK-M4243 per ml, or 100 pg of hot phenol-water-prepared shigella LPS.
The vertical axis expresses the net OD at 400 nm/100 min, and the horizontal axis expresses days after first
intraloop stimulation. Arrows indicate days when intraloop antigens were given. Standard error of the means
is indicated.

sity [OD] units) IgG anti-shigella LPS responses
in secretions on several days.
Local immune response to nonviable shi-

gella antigens. The kinetics of the IgA anti-
shigella LPS response to acetone-killed shigella
administered intraloop paralleled those of the
live shigella antigens tested (Fig. 2). The mean
IgA anti-shigella level on most days was lower
than the response elicited by the live shigella
antigens. Again, these differences were not sig-
nificant (P < 0.05).
The shigella LPS elicited a weak IgA anti-

shigella LPS response in only three of six ani-
mals, but no IgG anti-shigella LPS was detected
in intestinal secretions from any rabbit in either
group stimulated by nonviable shigella antigens.

Effect of a single oral or parenteral prim-
ing dose of shigelia on subsequent local
immune response. To deternine whether a
single oral or parenteral dose of shigella antigen
would "prime" the bowel and enhance the secre-
tory immune response to subsequent local ad-
ministration of that same antigen, seven rabbits
were given 1010 live shigella X16 via an orogastric
tube (orally primed), and six other rabbits were

given 1010 heat-killed shigella X16 intravenously
(parenterally primed). At 30 days after this
priming, a chronically isolated Thiry-Vella loop
was created in each animal. The loops were
stimulated with 108 live shigella X16 on days 1,
8, and 15 after surgery.
Although a vigorous local IgA-shigella LPS

response was found in all animals of each group
(Fig. 3A and B), there was neither significant
enhancement nor suppression of the local IgA
anti-shigella response as compared to the non-
primed X16-stimulated animals.
Local memory response to shigella. Secre-

tions from four of the rabbits, immunized intra-
loop with 108 live shigella X16 on days 1, 8, and
15 after creation of the Thiry-Vella loops, were
studied. At a time when the level of local anti-
body to shigella LPS was thought to have re-
turned to background levels, the animals were
restimulated with a single dose of 108 live shi-
gella X16 intraloop (Fig. 4A-D). Antibody pro-
files for these animals had local IgA anti-shigella
LPS responses (greater than 0.3 OD units) con-
siderably sooner after rechallenge than after the
original intraloop dose of shigella X16 (Table 3).

INFECT. IMMUN.
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FIG. 3. Mean IgA anti-shigella LPS in Thiry-
Vella loop fluids from animals primed orally (A) or

parenterally (B) with shigella X16 1 month before
receiving the intraluminal dose of shigella X16. Ar-
rows indicate days when intraloop antigens were

given. Standard error of the mean is indicated.

IgA anti-shigella LPS levels in secretions from
the fourth animal (rabbit 364) had not returned
to base-line levels at the time of restimulation.
Therefore, although IgA anti-shigella LPS levels
were detectable within 3 days after restimula-
tion, this response cannot be compared with the
response after the original intraloop dose of shi-
gella X16 (Table 3). Interestingly, rabbit F was

inadvertently given a fourth intraloop stimula-
tion on day 23, which was followed on day 28 by
a very high IgA anti-shigella LPS response (Fig.
4C).
Serum antibody responses. Only trivial

IgA or IgG anti-shigella LPS levels were de-
tected occasionally in sera of animals given in-
traluminal antigen. Notable exceptions, how-
ever, were the animals immunized parenterally
with shigella X16. Predictably, five of the six
animals developed serum IgG anti-shigella an-
tibodies. Interestingly, the highest levels in the
parenterally primed group consistently appeared
in the serum after intraloop rechallenge (Fig. 5)
with shigella, whereas when the Thiry-Vella
loops were challenged without prior parenteral
priming, no or trivial IgG anti-shigeila LPS re-
sulted in the sera.

DISCUSSION
The concept of using a mucosal route to im-

munize against dysentery was first championed
over half a century ago by Besredka (1). That
mucosal immunity was involved in the natural
response to shigella was suggested by Davies'
demonstration in 1922 that agglutinating anti-
bodies to shigella appear in the stool before their
appearance in the serum of patients with active
dysentery (2). Recent increased awareness of the
role of local immnunity in protecting mucosal
surfaces from infections has restimulated inter-
est in mucosal vaccines against shigellosis.

Several different mutant and hybrid strains of
shigella with varying abilities to invade and mul-
tiply in tissue have been developed in attempts
to establish a vaccine to shigellosis (9, 10, 30,
32). When these live vaccines are given orally,
some are effective in eliciting protection in ex-
perimental animals and in humans (4, 7, 8, 10,
14, 31, 33, 34). For example, it was previously
found that local protection in monkeys could be
achieved best with a live invasive shigella (10).
We now describe a vigorous local secretory IgA
response against shigella LPS not only to live
invasive strains M4243 and X16, but also in live
noninvasive 2457-0 and, somewhat surprisingly,
in AK-M4243. Yet these bacteria behave simi-
larly in the isolated rabbit intestinal loops as in
previous studies using oral injection into starved
guinea pigs with regard to invasiveness and his-
topathology produced (7, 9, 10, 27). However,
AK-M4243 was judged ineffective in protecting
monkeys from experimental shigellosis when fed
doses of 30 mg at 3-day intervals (10). The
difference may be due to a species characteristic
response to the shigella LPS; however, it more
likely reflects degradation of the AK-M4243 an-
tigen in the gut lumen or perhaps inadequate
dosage in the monkey. Studies are in progress to
assess the effect of multiple oral immunizations
with both live and killed shigella on the subse-
quent local immune response.

It is of further interest that the ulcerations
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FIG. 4. IgA anti-shigella LPS in Thiry- Vella loop fluids from animals stimulated with shigella X16

intraloop as indicated by the arrows. (A) rabbit R, (B) rabbit F, (C) rabbit 364, (D) rabbit 372.
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FIG. 4-Continued.

produced by the invasive shigella occurred pri-
marily in the epithelium overlying Peyer's
patches. This phenomenon has been previously
described by LaBrec and Formal in guinea pig
intestine (26). It may relate to the physical
prominence of these structures, which would
increase the chance that the nonmotile shigella
would attach and invade this surface. Alterna-
tively, the epithelium overlying Peyer's patches,
which is known to contain specialized surface
epithelial cells (M-cells) that are especially ad-
ept at sampling macromolecules and passing
them to nearby lymphocytes (36), may also be
able to engulf the bacteria or may be more

susceptible to invasion by shigella. Lastly, a

chemotactic gradient has been shown by Freter
et al. to be important in the attraction of Vibrio
cholerae to surface epithelium (12); a similar

mechanism may be important in the attraction
of shigella to the Peyer's patches.
Our demonstration ofa local immune response

to noninvasive or killed shigella antigens is not,
however, without precedent. At least two field
trials have indicated that oral immunization to
shigella can be achieved with killed preparations
(14, 23), and experimental studies have shown
immunity to keratoconjunctivitis shigellosis in
rabbits after oral immunization with shigella
endotoxin (25). Multiple weekly doses may be
important in optimizing the response to the
killed shigella antigens as we have previously
demonstrated for live, invasive shigella antigens
(21).
The fact that purified LPS alone was rela-

tively ineffective in eliciting a local immune re-
sponse remains to be further investigated. The
dose (100 ,Lg/ml in 4 ml of phosphate-buffered
saline) was the same dose that has been shown
to be effective in stimulating a local immune
response to several antigens: cholera toxin, chol-
era toxoid, keyhole limpet hemocyanin, and 2,4-
dinitrophenol-keyhole limpet hemocyanin in
our Thiry-Vella loop model (15, 41, 49). This
dose of LPS is about 30 times greater than the
amount of LPS presented to the loops by 108
live cells (B. Sied, personal communication).
Since the live bacteria multiply, however, it is
difficult to compare actual dosage.
LPS preparations may differ considerably

with regard to their immunogenic capabilities;
these depend on the method used to prepare the
LPS (44), as well as on the genetic capabilities
of the animal to respond (5,44,47). A destructive
effect of phenol on LPS has been blamed for the
poorer mitogenic responses elicited from mouse
spleen cells (44). Further, recent studies indicate
that an endotoxin protein that is separated from
LPS by phenol extraction is an effective B cell
activator (13). Since a hot phenol-water method
was used to prepare the LPS for the present
studies (20), it is possible that B cell-activating

TABLE 3. Comparison of initial and memory
response in secretions from Thiry- Vella loops

Rabbit Initial response Memory re-

sponse"

R 9h 3
364 8 -C

F 11 5
372 5 3

Animals were not restimulated for at least 2
months before restimulation with the same antigen.

" Day after immunization when IgA anti-X16 was
0.3 OD units.

' Values had not returned to base line at time of
restimulation.
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FIG. 5. Mean IgG anti-shigella LPS in sera from

animals primed parenterally (P) with shigella X16
before intraloop (L) stimulation. Arrows indicate
days of antigen stimulation related to surgical crea-

tion of the Thiry- Vella loop (Day 0). Standard error

of the mean is indicated.

components were removed or destroyed, ac-

counting for the poor response seen. Alterna-
tively, or in addition, a higher dose of LPS may
be necessary to achieve a good local immune
response. That the form of antigen is important
in eliciting mucosal immunity has recently been
demonstrated by Pierce for cholera toxin prep-
arations (37). Similarly, in the present system
although we are measuring antibody to the pu-
rified shigella LPS preparation, perhaps some
constituent on the cell wall of the intact or only
partially degraded cell wall is important in the
initial processing of the antigen.

Since we were most familar with the X16
strain, we attempted to prime the local immune
response by giving a single oral or intravenous
dose of X16, followed a month later by the three
weekly 108 intraloop stimulations. We were not
able to demonstrate any enhancement of the
local immune response that followed. The par-
enteral dose did, however, succeed in priming
the systemic immune response, so that after the
subsequent intraloop stimulations, serum IgG
against shigella X16 was detectable in five of the
six animals in this group. This is in contrast to
the other rabbits that received live invasive shi-
gella wherein no serum IgG response is usually
seen. Stimulation of serum antibody responses
by mucosal antigen has been shown repeatedly
by Rothberg et al. (42), and in the present situ-
ation it was clearly enhanced by prior parenteral
priming.
Whether production of systemic IgG antibod-

ies to the shigella would be desirable for protec-

tion is conjectural at the present time. No local
IgG against shigella LPS was detectable in the
intestinal secretions from these parenterally
primed rabbits. Our recent studies on the stabil-
ity of IgG and IgA in Thiry-Vella loop secretions
support the concept that IgG against shigella is
not produced locally and is not merely degraded
rapidly in the lumen of the isolated loops (22).
Interestingly, other workers using a similar rab-
bit model with mucosal stimulation by shigella
did find detectable hemagglutination titers
against shigella in the sera of their rabbits (3).
However, the doses of live, invasive shigella used
in their studies were from two to more than
three logs greater than in the present studies,
which could account for this difference. They
also found coproantibodies, using a passive hem-
agglutination technique, which appeared in ap-
proximately the same sequence as the local IgA
responses described in the present study (3).

It is also of interest that there was no evidence
of suppression of the local immune response
after prior parenteral priming with shigella X16.
Recent studies by Yardley et al., Hamilton et al.,
and Pierce and Koster (15, 39, 49) have found
suppression of the local immune response to
cholera toxin after prior parenteral priming with
cholera toxin or cholera toxoid. In contrast, oth-
ers have indicated that parenteral priming en-
hances the subsequent oral immunization with
cholera toxin (38, 40). This is obviously a com-
plex phenomenon, and whether suppression or
enhancement occurs may depend on dose, anti-
gen form, route, and temporal sequence of im-
munization. These complexities serve to empha-
size the importance of using carefully controlled
experimental models of local immunity to ex-
plore these variables in depth before extensive
field trials in humans.

Lastly, for several months we collected the
daily secretions of four rabbits stimulated by
three weekly doses of X16. At a time when their
IgA against shigella was thought to have fallen
to base-line levels, three of the four animals
produced a more rapid response to a single local
injection of X16 than they did after their first
exposure to the antigens. The fourth animal also
responded, but since its response was not yet at
a base-line level when stimulated, it is not pos-
sible to determine its significance. Nonetheless,
these findings provide evidence that at least
some mucosal memory response to shigella an-
tigens can be elicited. By studying the various
parameters of mucosal immunization in the iso-
lated loop model, it will be possible to optimize
the mucosal memory response, which is the key
to development of effective vaccines against dys-
entery and other mucosal infectious diseases.
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