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The induction of a jejunal antitoxin response was studied in dogs immunized
with cholera toxin or toxoid. Single doses of toxoid given subcutaneously (s.c.) or
of toxin given intraluminally (i.l.) were each effective in priming the mucosal
immune system, whereas toxoid given i.l. was much less effective. In contrast,
toxin and toxoid given iU. were each effective as booster antigens. The local
secondary response was rapid and brief, the peak occurring at about 7 days after
i.l. boosting and declining by 90% after 2 more weeks. After s.c. priming and i.L
boosting with toxoid, antitoxin-containing plasma cells appeared predominantly
in the portion ofjejunum exposed to the i.L booster. The appearance of antitoxin-
containing plasma cells in jejunal lamina propria correlated with the amount of
antitoxin recovered in jejunal washings which, in turn, correlated with protection
against challenge with cholera toxin. Thus, lamina propria antitoxin-containing
plasma cells appeared to be the source of protective antitoxin. However, after
sequential s.c.-oral immunization with toxoid, protection against challenge with
Vibrio cholerae far outlasted the major systemic and local antitoxin responses
and was not obviously explained by either. These studies reveal methods for
induction of a mucosal antitoxin response, but leave in question the mechanism
of prolonged protection induced by s.c.-oral immunization of dogs.

Immunization with cholera toxoid or toxin can
protect dogs and other experimental animals
against intestinal challenge with cholera toxin or
viable Vibrio cholerae (5, 10, 17, 20). This pro-
tection is presumed to reflect neutralization of
cholera toxin by antitoxin before the toxin binds
irreversibly to the intestinal mucosa and induces
fluid secretion. For this to occur, antitoxin must
be effective at the mucosal surface or within the
intestinal lumen.,

Intestinal antitoxin either can be serum de-
rived, by passive transfer to the gut lumen (8,
18), or can be made by lamina propria plasma
cells and actively secreted to the mucosal surface
(16, 28). Serum-derived antitoxin appears to be
entirely responsible for the protection of dogs
after repeated parenteral immunization with
cholera toxin or toxoid (20). The protective role
of local secretary antitoxin and how it is best
induced are less well understood. Of particular
interest is the duration of protection conferred
by the mucosal immune system. Two prior stud-
ies suggest that a mucosal antitoxic response is
induced in dogs by repeated local exposure to
cholera toxin or to a cholera toxoid with residual
toxin (19, 27), but the duration of this response

t Present address: Cholera Research Centre, Calcutta 16,
India.

appeared to be brief. More recently, we have
shown that subcutaneous (s.c.) priming and re-
peated oral boosting of dogs with purified toxoid
induces relatively prolonged protection without
sustained elevations in the titer of serum anti-
toxin (20). It was suggested that this immuniza-
tion sequence also induced an antitoxin response
in the lamina propria of the small bowel, which
accounted for the protection. This possibility
was not examined directly, however, and the
mechanism by which the protection was pro-
longed was not explained.
We now report direct studies of the antitoxic

response in canine intestinal mucosa. Several
immunizing regimens have been studied, and the
role of mucosal antitoxin in immunity to exper-
imental canine cholera has been evaluated. The
results show that antitoxin production in the
lamina propria of the small bowel is induced by
sequential parenteral-intrajejunal immunization
with cholera toxoid or by repeated intraluminal
(i.l.) exposure to cholera toxin. Repeated i.l.
exposure to inactive toxoid was much less effec-
tive. The kinetics of the mucosal antitoxin re-
sponse are described, and evidence is presented
that antitoxin-producing plasma cells in jejunal
lamina propria can be a source of protective
secretary antitoxin. The results leave in ques-
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tion, however, the mechanism of the prolonged
protection observed after sequential s.c.-oral im-
munization of dogs with purified toxoid.

MATERIALS AND METHODS

Animals. Dogs were healthy mongrels weighing 8
to 20 kg. Thiry-Vella loops were made from 65 cm of
jejunum beginning immediately distal to the ligament
of Treitz and were allowed to heal at least 10 days
before study. In some dogs, two loops were constructed
to permit comparison of the immune response in ad-
jacent segments of jejunum.

Cholera toxin and toxoids. Cholera toxin and
toxoids were provided by Carl Miller, National Insti-
tute of Allergy and Infectious Diseases. Purified toxoid
lots 11201, 20301, and 20401 made by Wyeth Labora-
tories were used. These toxoids show no reversion in
vivo or in vitro to active cholera toxin. Each was made
by inactivation of purified toxin (from V. cholerae
Inaba 569B) with 200 mol of glutaraldehyde per mol
of toxin at 30'C for 120 h (22). Lots 20301 and 20401
had an additional membrane filtration step before
glutaraldehyde treatment to remove the last traces of
bacterial somatic antigen (23). Toxoids were lyophi-
lized with phosphate-buffered saline (pH 7.8) and 0.05
mg of thiomersal per 100,g of toxoid, except lot 20401
which lacked thiomersal. On the day of use, toxoids
were rehydrated to a concentration of 100 ,g/ml.
Toxoid given by the oral or ii. route was rehydrated
with sterile water. A protamine sulfate-aluminum
chloride diluent was used for parenteral toxoid. It
contained 3.75 mg of aluminum chloride per ml, 0.5
mg of protamine sulfate per ml, and 0.05 mg of thiom-
ersal per ml and yielded toxoid bound completely to
an aluminum phosphate gel (called precipitated toxoid
[22]). Crude cholera toxin was a lyophilized culture
filtrate of V. cholerae Inaba 569B (NIH lot 001) man-

ufactured by Wyeth Laboratories.
Immunization. Lots 11201 and 20301 of precipi-

tated toxoid were used for s.c. immunization. For
instillation of toxoid into jejunal Thiry-Vella loops,
dogs were anesthetized with pentobarbital, Foley cath-
eters were placed in each loop orifice, the balloons
were inflated with air, and one catheter was clamped.
Toxoid from lot 11201 or lot 20401, given in 15 ml of
isotonic glucose-electrolyte solution (21), was instilled
through the other catheter which was then clamped.
Catheters were removed 3 h later, when the fluid was
fully absorbed. For intraduodenal instillation, a small
laparotomy was performed, and toxoid in 15 ml of
glucose-electrolyte solution was injected into the duo-
denum with a 26-gauge needle. Some dogs were given
toxoid by orogastric tube as previously described (20).

Challenge with cholera toxin or with living V.
cholera. Dogs with Thiry-Vella jejunal loops were

challenged with 125 mg of crude cholera toxin in the
lumen of the loop. This dose had enterotoxic activity
equivalent to 12.5 fig of purified toxin (determined by
comparison of the secretary responses to graded doses
of crude and purified toxins in ligated segments of
rabbit small intestine [N. F. Pierce, unpublished
data]). Dogs were anesthetized with pentobarbital, a

Foley catheter was placed in each loop opening, and
the balloon was inflated with air. Crude toxin was

dissolved in 60 ml of 0.85% NaCl and instilled into the
loop, and both catheters were clamped for 90 min. The
catheters were then opened, the loop was flushed with
100 ml of air, and the output was measured. Thereafter
fluid output was collected continuously. The total
output for 7.5 h after toxin administration is reported.

Intact dogs were challenged by mouth with 10"
living V. cholerae Ogawa 395 as previously described
(20); unimmunized control dogs were included in each
challenge. The outcome of the challenges is described,
and the degree of protection was determined as pre-
viously reported (20).
Specimen collection. Blood was obtained at the

indicated intervals; serum was separated and frozen at
-40'C until assayed for antitoxin. Jejunal washings
were obtained and prepared for antitoxin assay as
previously described (18). If toxin challenge was
planned, the washing was obtained the day before
challenge.

Jejunal biopsies were obtained by laparotomy under
light anesthesia. A full-thickness piece of bowel was
excised, trimmed to about 5 by 5 mm, washed in cold
0.01 M phosphate-buffered saline (pH 7.4), mounted
in O.C.T. compound (Lab-Tek Products, Div. Miles
Laboratories Inc., Naperville, Ill.), and frozen above
liquid nitrogen (16). The biopsy site and abdominal
incision were closed, and the dog was allowed to re-
cover for further study.
ACC in jejunal lamina propria. Cholera anti-

toxin-containing cells (ACC) in jejunal lamina propria
were identified by an indirect fluorescent-antibody
technique using reagents and tissue fixation as re-
ported previously (16). Single lots of fluorescein-con-
jugated antitoxin and purified toxoid were used as
staining reagents. Adjacent microscopic fields (0.33
mm in diameter) in 5-um-thick sections were examined
for ACC in the crypt region, where they were most
numerous; about 25 fields in two sections were exam-
ined per specimen. ACC frequency in these two sec-
tions was highly reproducible (r = 0.90). ACC fre-
quency was expressed as number per cubic millimeter
in the crypt region, 1 ACC per field equaling 2,300
ACC per mm3.

Antitoxin titration. Two neutralization assays
were used. Most sera and all jejunal washings were
titrated by the rabbit gut loop assay as previously
reported (15, 18). Some sera were titrated by a modi-
fication of the S49-1 mouse lymphoma cell assay de-
scribed by Ruch et al. (F. E. Ruch, J. R. Murphy, L.
H. Graff, and M. Field, J. Infect. Dis., in press). Results
of these assays are comparable, except that the gut
loop assay gives higher values when serum titers are
less than 100 units per ml. Antitoxin unitage was
determined by comparing each specimen with a si-
multaneously titrated standard serum containing 4,470
antitoxin units per ml (manufactured by Swiss Serum
and Vaccine Institute and provided by Carl Miller,
National Institute of Allergy and Infectious Diseases).

RESULTS
Antitoxic response in jejunal lamina pro-

pria. (i) Dogs immunized by parenteral
priming and intraintestinal boosting with
purified toxoid. Two groups of five to seven
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MUCOSAL ORIGIN OF PROTECTIVE CHOLERA ANTITOXIN 187

dogs with jejunal Thiry-Vella loops were stud-
ied. Immunization schedules were identical, but
different lots of purified toxoid were used. A 100-
,ug quantity of precipitated toxoid was given s.c.
on day 0, followed by 250,gg of fluid toxoid given
intrajejunally on days 28, 49, and 70. The titers
of antitoxin in serum, the recovery of antitoxin
in jejunal washings, and the frequency of ACC
in jejunal lamina propria were determined at
selected intervals. To avoid excessive operations,
jejunal biopsies were obtained only at the outset,
after il. boosting, and at several intervals after
the final toxoid booster. The patterns of re-
sponses in the two groups were similar and are
combined in Fig. 1. Several observations deserve
emphasis. Serum antitoxin titers rose steadily
after s.c. priming, reached a mean peak of 99
units per ml on day 56, and fell gradually there-
after. There was no consistent pattern of sys-
temic response to the three i.l. boosters; the
serum titer continued to rise after the first i.L
booster, but did not change significantly after
the second or third. ACC were not detected in
jejunal lamina propria at the outset or 28 days
after the s.c. primer. iU. boosting induced the
appearance of ACC in lamina propria of the
Thiry-Vella loop. The responses to the second
and third i.L doses were similar and greater than
the response to the first (P < 0.01 for each). The
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frequency of lamina propria ACC was at a max-
imum 7 days after the third i.l. dose (day 77) and
then fell rapidly, being only 10% of the peak
level 38 days later (day 115). In contrast, the
ACC response was small in jejunum which was
not part of the Thiry-Vella loop and therefore
not exposed to the i.l. doses of toxoid. On day
77, for example, the response was only 7% of that
seen in the jejunal loop (P < 0.001). Antitoxin
was detected in loop washings only after i.l.
boosting. Antitoxin recovery from loops was con-
sistently greater 7 days after than 21 days after
i.l boosting and correlated significantly with the
frequency of ACC in lamina propria of the loop
(r = 0.58; P < 0.01; Fig. 2). The scatter in the
relationship between these two values may rep-
resent the combined variations in antitoxin re-
covery by the loop-washing technique and its
measurement by the bioassay used. There was
no consistent relationship between serum anti-
toxin titers and antitoxin recovery from jejunal
loops (Fig. 1).
The relation between mucosal and systemic

antitoxic responses was studied in a separate
group of 20 intact dogs. The immunization
schedule used was chosen because it induced a
highly variable response of ACC in jejunal lam-
ina propria. Dogs were given 50 jig of precipi-
tated toxoid s.c. on day 0 and 250 ug of fluid
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FIG. 1. Time course ofjejunal and systemic antitoxin responses in dogs immunized with purified toxoid by

an s.c.-i.l. sequence. Twelve dogs were given 100 pg of toxoid s.c. on day 0 and 250 pg of toxoid i.l. in the
jejunal Thiry- Vella loop on days 28, 49, and 70 (JEJ). Five received toxoid lot 20301 s.c. and lot 20401 i.l.;
seven received lot 11201 s.c. and i.l. Most points represent the geometric mean of 12 determinations, but some
jejunal biopsy values included as few as 5. Jejunal biopsies from exposed gut were from the Thiry- Vella loop;
those from control gut were from intactjejunum not exposed to toxoid i.l. SE, Standard error.
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FIG. 2. Relationship between frequency ofACC in
jejunal lamina propria and recovery of antitoxin in
jejunal wash fluid. The points compared are data
from jejunal Thiry-Vella loop biopsies and simulta-
neous loop washings from the dogs described in the
legend to Fig. 1. The correlation is significant (r =
0.58; P < 0.01).

toxoid intraduodenally by laparotomy on days
28 and 40. Jejunal biopsies were obtained on day
47. Figure 3 compares the frequency of ACC in
jejunal lamina propria near the peak of the
secondary response (day 47) with the serum
antitoxin titers induced by s.c. priming alone
(day 28, Fig. 3A) and after intraduodenal boost-
ing (day 54, Fig. 3B). In individual dogs, the
magnitude of the secondary response in jejunal
lamina propria correlated significantly with the
serum antitoxin titer after s.c. priming (r = 0.80;
P < 0.01), but showed no relation to the serum
titer after intraduodenal boosting.

(ii) Dogs immunized with purified toxoid
by the intestinal route. Two groups of five
dogs with jejunal Thiry-Vella loops were given
toxoid i.l. three times with 21-day intervals. In
the first group, the toxoid was lot 11201; each
dose was 250 jig. In the second group, the toxoid
was lot 20401; the initial dose was 2.5 mg, and
subsequent doses were 250 ,gg. At 7 days after
the third i.l. dose of toxoid, dogs in the first
group showed no change from pre-immunization
serum antitoxin titers; ACC were not detected
in jejunal lamina propria, nor was antitoxin de-
tected in jejunal washings. In the second group,
increasing the priming dose of toxoid 10-fold
resulted in a small but detectable mucosal im-
mune response (Table 1). The magnitude of this
response was less than 10% of that seen in dogs
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FIG. 3. Relationship of mucosal and systemic an-

titoxin responses in dogs immunized by an s.c.-oral
sequence. Dogs were given 50 pg ofprecipitated pur-
ified toxoid lot 11201 s.c. on day 0 and 250 pg of the
same toxoid by intraduodenal injection on days 28
and 40. Antitoxin titers were determined by the S49-
I lymphoma cell assay. (A) Serum antitoxin titers on
day 28 correlated significantly with the frequency of
ACC in jejunal lamina 7 days after the second i.l.

dose oftoxoid (r = 0.80; P< 0.01). (B) Serum antitoxin
titers on day 54 showed no correlation with ACC
frequency on day 47.

boosted i.L with 250-gig doses of the same toxoid
after s.c. priming.

(iii) Dogs immunized by intestinal chal-
lenge with crude cholera toxin. Another
group of 12 dogs, each with two jejunal Thiry-
Vella loops, was challenged three times i.l. with
125 mg of crude cholera toxin. This was the
equivalent, in toxic activity, of 12.5 1Lg of purified
cholera toxin. Thus, this dose of toxin antigen
was only 0.5% of the maximum dose of purified
toxoid (2.5 mg) used in attempts to induce a

local antitoxic response. Challenges were on

days 0, 28, and 37. The systemic and secretary
antitoxic responses in these dogs are shown in
Table 2. At 28 days after the first challenge,
there was no appreciable rise in serum antitoxin
titer or in content of antitoxin in jejunal wash-
ings; By 9 days after the second challenge, how-
ever, the mean serum antitoxin titer had risen 4-
fold, whereas the recovery of antitoxin from
jejunal washings had risen about 30-fold above
base-line levels. Antitoxin responses in proximal
and distal jejunal loops on day 37 were similar.

B. a

. .

0

INFECT. IMMUN.



MUCOSAL ORIGIN OF PROTECTIVE CHOLERA ANTITOXIN 189

TABLE 1. Local and systemic antitoxin response
after repeated i.l. administration ofpurified

cholera toxoid'

toxoid Serum an- Jejunal ACC in je-
Day -ioxin wash anti- junal lamina

toxin' propriad

0 2.5 5.1 0.12 47
mg (4.2-6.3)

7 79

(69-91)
21 250 jig
28 297

(140-629)
42 250 jg
49 7.5 0.25 281

(5.4-10.5) (0.1-0.4) (150-526)

a Toxoid lot 20401; n = five dogs.
' Units per milliliter by the rabbit gut loop assay;

geometric mean and range of mean ± standard error.

Units of antitoxin recovered per centimeter of
jejunum washed; geometric mean and range of mean
± standard error. Titers below the limit of sensitivity
of the assay were given a value of 0.12 unit per cm.

dACC per cubic millimeter in the crypt region;
geometric mean and range of mean ± standard error.

Specimens with no detectable ACC were given a value
of 47 ACC/mm3.

TABLE 2. Antitoxin in serum andjejunal loop
washings: effect of loop challenge with crude

cholera toxina

Jejunal wash antitoxin in: No. of

Serum an-
Day tioib Prxmldgytitoxin Prloxoimal Distal loop studied

0 7.1 0.21 0.12d 12

(6.0-8.6) (0.16-0.28)
27 7.9 0.21 0.42 9

(6.4-9.9) (0.15-0.27) (0.28-0.64)
36 29 7.1 3.1 8

(19-45) (4.5-11) (1.5-6.4)

"Jejunal loops were challenged with 125 mg of
crude cholera toxin on days 1 and 28.

b Units per milliliter by the rabbit gut loop assay
taken the day before challenge; geometric mean titer
of antitoxin in serum and range of mean ± standard
error.

Units of antitoxin recovered per centimeter of
jejunum washed (taken the day before challenge);
geometric mean and range of mean ± standard error.

d Antitoxin was detected in none of these samples
and was found in only 3 of 24 samples on day 0. Titers
below the limit of sensitivity of the assay were given
a value of 0.12 unit per cm.

Relation of mucosal antitoxin response
to protection. (i) Intestinal challenge with
cholera toxin. The role of secreted antitoxin in
protection against intestinal challenge with chol-
era toxin is shown in Fig. 4. Data are from dogs
described immediately above and in Table 2.
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FIG. 4. Relationship between recovery ofantitoxin
injejunal washings and response tojejunal challenge
with cholera toxin in normal and previously chal-
lenged dogs. Washings were obtained I day before
loop challenge with 125 mg of crude cholera toxin.
Challenges were on days 0, 28, and 37. The number
of samples contributing to each mean is shown in
parentheses. Twelve dogs were studied, and each had
two jejunal Thiry-Vella loops. SE, Standard error.

Results of each challenge are included, except
for two challenges (involving four loops) which
were technically unsatisfactory. There was an
obvious inverse linear relationship between the
prechallenge antitoxin recovery from the loop
and the amount of fluid secreted in response to
toxin challenge.

(ii) Oral challenge with living V. cholera
Six dogs were immunized with 50 Atg of precipi-
tated toxin s.c. on day 0, followed by 10 50-.ug
doses of toxoid by orogastric tube between days
28 and 40. Multiple jejunal biopsies were ob-
tained, and the dogs were challenged by mouth
with living V. cholerae on day 92. Results are
shown in Fig. 5. Also shown, for comparison, are
previously reported serological and protection
data from identically immunized dogs which
were challenged at other intervals (20). After
immunization, the mean serum antitoxin titer
rose almost fivefold (34 units per ml) by day 42
and then fell, being less than twice the pre-
immunization level after day 100. The frequency
of ACC in jejunal lamina propria was greatest 4
days after completing oral boosting (1,500 ±

400/mm3) and fell rapidly thereafter. ACC were
almost undetectable 26 days later (66 + 12/mm3,
day 70). Nevertheless, significant protection
against oral challenge with living V. cholerae
lasted at least until day 288 (20), and protection
averaged 62% in the 35 dogs challenged between
days 169 and 288 (P < 0.001), when significant
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FIG. 5. Relationship of mucosal and systemic an-

titoxin responses to protection of dogs immunized by
an s.c.-oral sequence. Dogs were given 50 pg ofpre-
cipitated purified toxoid lot 11201 s.c. on day 0 and
50 j&g of the same toxoid by orogastric tube on 10
occasions between days 28 and 40. Challenge was

with 10" living V. cholerae Ogawa 395 given by
orogastric tube. Percent protection expresses protec-
tion against severe or lethal disease when compared
with concurrently challenged controls. Numbers in
parentheses indicate number of immunized dogs
challenged. Eachjejunal biopsy value is derived from
6 to 9 dogs; mean serum antitoxin titers are derived
from 6 to 21 dogs. The vertical bars indicate the range
of the geometric mean ± the standard error. All data
on protection, except at day 92, were reported previ-
ously (20) and are included here for summary pur-
poses.

antitoxic responses in serum or jejunal lamina
propria were essentially undetectable.
The possibility that V. cholerae challenge in-

duced a very rapid, protective mucosal antitoxic
response in immunized dogs was also examined
in the six dogs described above. Jejunal biopsies
were obtained on day 70, dogs were challenged
with live V. cholerae on day 92, and biopsies
were obtained again on day 93 or 94. Results are

shown in Table 3. These dogs showed protection
similar to that in the larger series summarized
in Fig. 5. Jejunal biopsies taken 18 to 42 h after
challenge showed modest increases in the fre-
quency of lamina propria ACC, which averaged
2.6-fold (P < 0.05).

DISCUSSION
Two immunizing regimens induced mucosal

antitoxin: (i) s.c. priming and i.l. boosting with
purified toxoid and (ii) repeated i.l. doses of
crude toxin. The former also protected dogs for
at least 8 months against challenge with living
V. cholerae in the absence of a sustained sys-
temic antitoxic response (20). The latter extends
earlier observations (27) showing a simple way
to induce mucosal antitoxin using only i.l. anti-
gen.
How parenteral antigen induces mucosal

TABLE 3. ACC frequency injejunal lamina propria
before and after challenge of immunized dogs with

living V. choleraea
ACC/mm' in jejunal Challenge out-

biopsyh on day: Calneot
Dog 70 on 94 come on day

70 93 94 92"

1 131 411 Severe diarrhea
2 75 47 Well
3 47 187 Mild diarrhea
4 79 341 Well
5 47 126 Well
6 47 180 Well

Geometric mean 66 174d
Range of mean ± 55-78 127-239

standard error

'The s.c.-oral immunization with purified toxoid lot 11201
is described in the text. The last oral toxoid dose was on day
40.

'Specimens with no ACC seen were given a value of 47/
mm3. Three control dogs biopsied at 42 h after challenge had
no detectable ACC in jejunal lamina propria.

'Severity of diarrhea. Among unimmunized control dogs,
four died and one had severe diarrhea. Immunized dogs had
80% protection against severe or lethal diarrhea; P = 0.08 by
Fisher's exact two-tailed test.

d Significantly different than value on day 70; P < 0.05.

priming is not clear, but it also occurs in rats
given cholera toxoid intraperitoneally with
Freund adjuvant (16). Most plasma cells in gut
lamina propria produce immunoglobulin A.
They come from precursors in Peyer's patches
and arrive via the systemic circulation after the
patch is stimulated with antigen (3, 7, 16). Stim-
ulation is usually by antigen sampled from the
gut lumen (14), but this study and earlier studies
(16, 20) show that parenteral antigen may also
be effective. Possibly, parenteral antigen sensi-
tizes lymphocytes which migrate to Peyer's
patches to facilitate a mucosal response. Alter-
natively, parenteral antigen may reach Peyer's
patches and exert a direct priming effect. The
observation that mucosal priming by parenteral
toxoid parallels systemic priming (Fig. 3) does
not favor either possibility, but does suggest that
parenteral toxoid primes for systemic and mu-
cosal responses by a common mechanism. Al-
though parenteral priming occurs, the mucosal
immune system cannot be both primed and
boosted with parenteral toxoid. After parenteral
priming, i.l. toxoid was required for a mucosal
booster response (16, 20), which agrees with the
reported failure of repeated injections of killed
polio vaccine to induce a mucosal immune re-
sponse in humans (12).
The i.l. route was also effective for mucosal

priming, especially with crude cholera toxin. In-
activated toxoid given in a 200-fold-greater dose
was much less effective. The same differences
are seen when toxin and toxoid are used for i.l.
priming in rats (N. F. Pierce, J. Exp. Med., in
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press). This may reflect destruction of antigenic
determinants on toxin during the preparation of
the toxoid, but this is probably not the entire
explanation, because the same toxoid is an effec-
tive primer when given s.c. and when used as an
i.L booster. The priming effect of i.L toxin may
come from two molecular features which are lost
in the preparation of the toxoid. The first is avid
binding of toxin to GM1 ganglioside in most cell
membranes, including lymphocytes (9), which
may enhance trapping of absorbed toxin by
lymphoid cells in unprimed Peyer's patches. The
second is activation of membrane-bound adenyl
cyclase which may enhance the immune re-
sponse in lymphoid tissue (1); cholera toxin has
been shown to act as an adjuvant in a systemic
immune response (11). The toxoids used in this
study showed neither residual toxic activity nor
reversion to active toxin in vivo (22). Our prior
report that i.L purified toxoid primed for an
antitoxic response in canine jejunum is probably
explained by residual toxin and further in vivo
reversion to toxin demonstrated in the toxoid
used in that study (19).

After effective priming, crude toxin and inac-
tive toxoid were each effective as iU. boosters of
the mucosal response. The greater effectiveness
of purified toxoid as an i.l. booster than as an Qi.
primer also is seen in rats (Pierce, J. Exp. Med.,
in press) and may reflect enhanced trapping of
toxoid by previously sensitized lymphocytes in
Peyer's patches. The reason for the greater mu-
cosal response to a second i.l. toxoid dose than
to the first, after s.c. priming, is unclear. Possi-
bly, the first i.l. booster further expanded the
clone(s) of Peyer's patch lymphocytes partici-
pating in the immune response.
Most of the antitoxin present in jejunal wash-

ings after iU. immunization or sequential s.c.-i.l.
immunization came from plasma cells in the
jejunal lamina propria rather than from serum.
This conclusion is based on three observations.
First, the antitoxic response in serum did not
parallel that in jejunal washings (Fig. 1), sug-
gesting that jejunal antitoxin was not serum
derived. Second, the serum titers were insuffi-
cient to contribute appreciably to the titers in
jejunal washings. A previous study with identical
assay methods has shown a ratio of serum anti-
toxin units per milliliter to jejunal antitoxin units
recovered per centimeter exceeding 100:1 in dogs
transfused with hyperimmune serum (18). Thus,
at the peak of the local response, less than 10%
of the antitoxin in jejunal washings was serum
derived, although this portion would be greater
at the nadir of the local response (Fig. 1). Third,
there was a significant correlation between the
frequency of ACC in jejunal lamina propria and
the recovery of antitoxin in jejunal washings.

The isotype of secretary antitoxin was not de-
termined, but was presumed to be mostly secre-
tory immunoglobulin A because that is the ma-
jor secretary immunoglobulin in dogs (24). Sim-
ilar immunization of rats also induces a jejunal
antitoxic response which is mostly immuno-
globulin A (16). Failure of serum antitoxin to
correlate with the mucosal response after i.l.
boosting (Fig. 3B) shows that the serum anti-
toxin response is not a reliable correlate of the
local response, at least when parenteral priming
is used. It also suggests a random relationship at
the time of i.l. boosting between the amounts of
absorbed toxoid trapped in Peyer's patches and
the amounts reaching previously primed sys-
temic lymphoid tissue.
The rapid and brief secretary antitoxin re-

sponses seen in this study were similar in timing
to those seen in other studies of the enteric
mucosal immune system in which nonreplicating
antigens were used (4, 16, 25). Day 7 after boost-
ing was used to measure the peak ofthe response
because earlier studies showed almost no secre-
tory antitoxic response for 3 to 4 days and a
sharp peak of secretary antitoxin between days
4 and 8 (16, 19).
This study also confirms earlier reports that

a specific mucosal immune response is focused
at the site of antigen exposure (13, 16), the
response in boosted segments of jejunum being
14-fold greater than that in nonboosted portions.
The lower response in nonexposed jejunum may
represent dissemination of a portion of the cel-
lular response from the site of boosting to non-
exposed mucosal surfaces (6, 25). Whether this
difference was due to selective homing of anti-
toxin-committed imunoblasts to antigen-ex-
posed sites or to antigen-driven activation or
division of sensitized cells after their arrival is
not certain. This observation suggests, however,
that optimal prophylaxis of mucosal infections
by local immunization may require delivery of
the antigen to the mucosal surface to be pro-
tected.

Finally, this study shows a protective role for
secretary antitoxin. Protection against i.l. chal-
lenge with a bolus of cholera toxin correlated
closely with the amount of antitoxin present in
prechallenge jejunal washings. This, along with
the evidence that secretary antitoxin derived
from lamina propria ACC, provides a direct
quantitative link between the presence of ACC
in jejunal lamina propria and antitoxic protec-
tion.The duration ofACC in the lamina propria,
however, was brief and thus not clearly respon-
sible for the prolonged protection induced by
s.c.-oral immunization; ACC were almost unde-
tectable 30 days after oral boosting, but signifi-
cant protection lasted for at least 8 months.
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Serum antitoxin titers were also insufficient to
explain this protection, because protection de-
clines rapidly when mean serum titers fall below
100 units per ml (20). The possibility that ACC
in jejunal lamina propria were protective in
numbers undetectable by our assay cannot be
excluded. However, the number detectable on

day 70 (66/mm3) was insufficient to yield meas-
urable antitoxin (Fig. 2) and, thus, would not
likely protect against toxin challenge (Fig. 4). It
is also uncertain that protection was due to a

very rapid local secondary response which
aborted the disease within its 6- to 12-h incuba-
tion period (26) because the frequency of ACC
in jejunal lamina propria had risen only 2.6-fold
at 18 to 42 h after challenge. In other studies, a
detectable antitoxic response in jejunal lamina
propria or jejunal washings was not seen until at
least 4 days after boosting (16, 19). It remains
possible that protection induced by s.c.-oral im-
munization with toxoid was due to an immune
response other than, or in addition to, the pro-

duction and secretion of antitoxin. The mecha-
nism of the prolonged protection against rechal-
lenge seen in volunteers convalescent from chol-
era is also unknown (2). Although the role of the
secretary immune response in prolonged pro-
phylaxis of experimental cholera is unclear, the
timing of the mucosal booster response de-
scribed in this and previous reports (16, 19)
suggests that it may be largely responsible for
early termination of established mucosal infec-
tion.
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