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To determine optimal strategies to induce specific-antibody-secreting cells (specific ASC) in the rectal and
vaginal mucosae, we immunized monkeys with a prototype mucosal immunogen, cholera toxin (CT), given
locally or via gastric or parenteral administration. Repeated rectal or vaginal CT immunizations induced
strong mucosal and systemic ASC responses. The mucosal responses were, however, confined to the immuni-
zation sites and comprised high levels of both specific antitoxin immunoglobulin A (IgA) and IgG. Large
numbers of specific IgA and IgG ASC were detected in cell suspensions from dissociated genital and rectal
tissues, demonstrating local accumulation of effector B cells at these sites. Intragastric immunization with CT
did not per se give rise to cervicovaginal or rectal ASC responses but did prime for a rectal IgA ASC response
to local booster immunization. Both rectal and vaginal immunizations also induced circulating blood IgG ASC
and IgA ASC. In conclusion, these results show that local administration of antigen to the rectal or vaginal
mucosa results in higher ASC responses than systemic or distant mucosal delivery. Furthermore, both the
vaginal and the rectal mucosae can serve as inductive sites for systemic ASC responses. These observations
should be relevant to the development of vaccines against sexually transmitted diseases such as that caused by
human immunodeficiency virus.

Sexually transmitted microbial infections are common
worldwide, are often persistent, and in many cases involve
severe and sometimes life-threatening complications. These
pathogens include human immunodeficiency virus (HIV), hu-
man papillomavirus, herpes simplex virus type 2 (HSV-2),
Chlamydia trachomatis, Neisseria gonorrhoeae, Treponema pal-
lidum, Haemophilus ducreyi, and group B Streptococcus (GBS).
No vaccine against any of these infections exists.

Protection against sexual transmission of most of these
pathogens has been associated with local production of specific
antibodies (6, 19, 20, 23, 30, 31, 33, 40, 45, 46). Both immuno-
globulin G (IgG) and secretory IgA appear to be important. In
this respect, IgA can protect mice against a chlamydial genital
challenge (30) and reinfection (40). Protection against sexual
HIV infection in humans (23) and against mucosally transmit-
ted simian immunodeficiency virus in macaques (19) has also
been associated with specific mucosal IgA production. In ad-
dition, secretory IgA has also been shown to block mucosal
entry and replication of several viruses in mucosal epithelial
cells (21, 22, 36, 44) and to eradicate bacteria from other
mucosal surfaces, as shown for Vibrio cholerae, Helicobacter
felis, and Salmonella typhimurium in the gut (1, 8, 27). In
contrast, IgG appear to be the major protective isotype against,
e.g., human papillomavirus (4), HSV-2 (31), and T. pallidum
(3).

The development of effective immunization schemes that
could evoke an antibody response in the rectal and genital tract
mucosae should therefore have a major impact on the control
of sexually transmitted diseases. Such mucosal antibodies
could be derived from local vaginal or rectal sites and/or from
transudate from serum (5, 10, 28, 29, 47). However, the latter

is rarely associated with protective immunity (6, 7, 38). This
means that rapid recruitment and sustained accumulation of
effector B cells at mucosal sites play a critical role in immune
protection. However, little is known about how such cells are
induced in the genital and rectal mucosae.

We have previously shown, with rodents, that the concen-
tration of vaccine-specific antibodies in the genital tract secre-
tions does not necessarily correlate with the numbers of vac-
cine specific-antibody-secreting cells (specific ASC) at the
same site (13). Whereas, e.g., nasal and vaginal immunizations
gave rise to comparable levels of specific genital antibodies,
vaginal immunization was superior at inducing vaginal ASC
and was paramount for the appearance of ASC in the draining
lymph nodes (13). Whether this is also true for larger animal
species, including primates, is not known. To assess the most
efficient way of inducing local rectal and vaginal ASC re-
sponses in primates, we have compared different mucosal and
systemic immunization strategies with respect to induction of
local genital and rectal antigen-specific ASC responses, as well
as for the induction of systemic immunity. To this end, mon-
keys were immunized with a prototype mucosal immunogen,
cholera toxin (CT), given orally, vaginally, rectally, or system-
ically. Local mucosal ASC responses in suspensions of mono-
nuclear cells (MNC) from vaginal and rectal tissues were mea-
sured and were compared to the corresponding responses in
blood. We also measured the amounts of specific antibodies in
genital tract secretions and in protein extracts from rectal
biopsy specimens.

MATERIALS AND METHODS

Animals. Thirty-nine cynomolgus monkeys (Macaca fascicularis) were housed
at the primate facilities of the Swedish National Bacteriology Laboratory, Stock-
holm, Sweden, and at the Department of Medical Microbiology, Göteborg,
Sweden. These studies were approved by the Ethical Committees for Animal
Experimentation in Stockholm and Göteborg. All animals were under mild
sedation with ketamine (Ketalar; Parke-Davis, S.A., Barcelona, Spain) at the
times of immunization and sample collection.
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Immunizations. Cynomolgus monkeys were immunized with CT (LIST Bio-
logical Laboratories, Inc., Campbell, Calif.) three or four times, 3 to 6 weeks
apart. In a dose-escalating study involving two monkeys fed consecutively with 1,
10, and finally 50 mg of CT, we found no evidence of detectable side effects
(fever, weight loss, diarrhea, or vomiting). The last dose was therefore employed
for mucosal immunizations in all subsequent experiments. Four monkeys served
as controls. None of the monkeys suffered from any notable side effects.

(i) Systemic immunizations. Six monkeys (one female) received four intrader-
mal injections with 2 mg of CT in 0.2 ml of phosphate-buffered saline (PBS). Four
female monkeys received one intradermal injection with CT.

(ii) Intragastric immunizations. Six monkeys (one female) received four in-
tragastric doses of 50 mg of CT in sodium bicarbonate-citric acid buffer (ACO
Pharmaceuticals, Stockholm, Sweden). Immunizations were performed by ad-
ministering 5 ml of solution through a baby-feeding tube into the stomach.

(iii) Vaginal immunizations. Eight female monkeys received four vaginal
doses of 50 mg of CT in 0.2 ml of PBS. Immunizations were performed with a
double balloon, and the vaccine was instilled for 5 min.

(iv) Rectal immunizations. Five monkeys (two females) received four rectal
doses of 50 mg of CT in 1 ml of sodium bicarbonate-citric acid buffer. Rectal
immunizations were performed with a double balloon, and the vaccine was
instilled for 5 min.

(v) Oral priming followed by vaginal or rectal booster. Three male monkeys
received three intragastric doses of CT followed by one rectal dose. Three female
monkeys received three intragastric doses of CT followed by one vaginal dose.
All of these doses and immunizations were as described above.

Collection of specimens. Vaginal washings and heparinized venous blood were
collected before the primary immunization and 7 days after each subsequent
immunization. Vaginal washings were collected by rinsing the vagina with 100 to
300 ml of PBS for 1 min, and the samples were then stored at 220°C in phenyl-
methylsulfonyl fluoride (0.35 mg/ml; Sigma)–soybean trypsin inhibitor (0.1 mg/
ml)–EDTA (0.05 M; Sigma)–bovine serum albumin (BSA) (0.1%).

Seven days after the final immunization, animals were sacrificed by an intra-
cardiac overdose of thiopental natrium (500 mg) (Pentothal Natrium; Abbott
S.p.A.-Campoverde LT., Italy). The distal part of the colon was collected from all
monkeys, and the vagina, uterus, and fallopian tubes were collected from the
female animals. The tissues were thoroughly rinsed in PBS containing 0.1%
heparin.

Isolation of MNC suspensions. Heparinized venous blood was mixed with 3%
(wt/vol) gelatin (gelatin L936; PB Gelatins UK Ltd.) in PBS at a 3:1 (vol/vol)
ratio, and the erythrocytes were allowed to sediment for 1 h at 37°C. The
supernatant was diluted in PBS (1:1, vol/vol), and MNC were then isolated by
standard Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) gradient centrifugation.

Vaginal and rectal tissue fragments were cut into 0.1- by 0.1-mm pieces and
incubated for 30 min at 4°C in 0.5 mg of Bacillus thermoproteolyticus thermolysin
(Boehringer, Mannheim, Germany) per ml in Hanks balanced salt solution
(Gibco, Paisley, United Kingdom) containing 1 mM CaCl2 and 10 mM dithio-
threitol. Extracted cells were separated from the remaining tissue fragments by
filtration through a 150-mm nylon mesh. Undigested tissue fragments were re-
extracted by incubation for 45 min at 37°C with 1 mg of collagenase-dispase
(Boehringer) per ml in Iscove’s medium (Gibco) supplemented with 10% fetal
calf serum. Extracted cells were separated as described above. The cell suspen-
sions were pooled and incubated for 20 min at 37°C with 2 mg of DNase (type
IV; Sigma) per ml in Iscove’s medium containing 5% fetal calf serum and filtered
through a 50-mm nylon mesh (34). Cell viability was .90% as determined by
trypan blue staining.

Perfusion-extraction method (PERFEXT) (13). A small piece of rectal tissue
was collected at the time of sacrifice. The tissue was stored at 220°C in a PBS
solution (1 ml of PBS per g of tissue) containing 2 mM phenylmethylsulfonyl
fluoride, 0.1 mg of soybean trypsin inhibitor (Sigma) per ml, and 0.05 M EDTA.
Prior to analysis, saponin (Sigma) was added to a final concentration of 2%
(wt/vol), and the samples were incubated overnight at 4°C. Antibody measure-
ments were performed on the collected supernatants (see below).

ELISPOT assays. Vaginal, rectal, and blood MNC suspensions were assayed
for CT-specific ASC by an amplified enzyme-linked immunospot (ELISPOT)
assay (9). Briefly, nitrocellulose-bottomed 96-well plates (Millipore, Bedford,
Mass.) were coated overnight with GM1 ganglioside (3 mM) (Sigma) followed by
CT (2.5 mg/ml) and were then blocked with 0.5% (wt/vol) BSA. Immediately
following their isolation, MNC were added to antigen-coated wells and incubated
at 37°C overnight in a moist atmosphere with 5% CO2. Next, biotin-conjugated
goat anti-human IgA or IgG antibodies (Medac; diluted 1:500) were added,
followed by horseradish peroxidase (HRP)-labelled egg avidin (Extravidin;
Sigma) (4 mg/ml), biotin-labelled goat anti-HRP antibodies (2 mg/ml), and Ex-
travidin (4 mg/ml), in PBS containing 0.1% BSA and 0.05% Tween 20. Spots
were developed by addition of 0.3 mg of 3-amino-9-ethylcarbazole (Sigma) per
ml and 0.015% (vol/vol) H2O2 in 0.1 M sodium acetate, pH 5.0. Data are
expressed as individual ASC numbers per 106 MNC together with the geometric
mean numbers of ASC. A response was defined as .5 specific ASC per 106 blood
MNC and .30 specific ASC per 106 vaginal or rectal MNC, in order to exceed
(i) the geometric mean plus three standard deviations of results for nonimmu-
nized control monkeys and (ii) three spots per well. Normally, 106 blood MNC
or 105 vaginal or rectal MNC would be analyzed per well, accounting for the
difference in the cutoff values.

ELISAs. Enzyme-linked immunosorbent assay (ELISA) plates were coated
overnight with 0.3 mM GM1 ganglioside followed by 0.5 mg of CT per ml. Serially
diluted samples in PBS containing 0.1% BSA and 0.05% Tween 20 were added and
were incubated overnight at 4°C. Biotin-conjugated goat anti-human IgA (diluted
1:5,000) or IgG (diluted 1:7,500) antibodies (Medac) were then added, followed by
2 mg of HRP-labelled egg avidin per ml. Plates were developed by addition of
2,29-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma) at 0.25% (wt/vol) in 0.1
M sodium acetate buffer (pH 4.8 to 5.0) containing 0.0075% H2O2. Color develop-
ment was monitored spectrophotometrically at 405 nm. The specific-antibody titer
was estimated as the interpolated sample dilution giving an absorbance of 0.4 above
the background level (11, 12).

To determine total antibody contents of vaginal washes, ELISA plates were
coated with 1 mg of goat anti-human IgG F(ab)2 specific antibodies (Jackson) per
ml (for IgG determinations) or a mixture of monoclonal mouse anti-human
kappa (6062; 2 mg/ml) and anti-human lambda (6054; 2 mg/ml) (a gift from the
late Charles Reimer, Centers for Disease Control and Prevention, Atlanta, Ga.)
(for IgA determinations). Following incubation of the samples, solid-phase-
captured Igs were detected as described above. Purified rhesus IgG and IgA
(gifts from John Eldridge, Birmingham, Ala.) were used as standards.

Antibody titers were expressed as the reciprocal sample dilution giving an
absorbance of 0.4 above the background level. Data are expressed as (i) the
specific antibody titer post- versus preimmunization (for plasma), where a 2-fold
or greater increase in titer is regarded as a response to the vaccination (12); (ii)
the specific antibody titer divided by the total Ig concentration expressed in
milligrams per milliliter (for vaginal washes), where a response is a 2.3-fold or
greater titer increase (11); or (iii) the specific antibody titer in 1 mg of tissue per
ml (for rectal PERFEXT samples). Only vaginal washings containing at least 5
mg of IgA per ml and 5 mg of IgG per ml were used for CT-specific antibody
determinations (11). Preimmunization titers for sera were ,10.6 6 3.0 for IgA
and ,130 6 117 for IgG. Preimmunization titers for vaginal washings were 19 6
25 for IgA and 48 6 73 for IgG.

Statistical evaluations. Pearson’s correlation coefficient (r) was determined for
(i) specific antibodies in vaginal washes versus numbers of specific genital ASC,
(ii) specific antibodies in vaginal washes versus titers of specific antibodies in
serum (iii) titers of specific antibodies in serum versus specific genital ASC, (iv)
specific antibodies in rectal tissue versus numbers of specific rectal ASC, (v)
specific antibodies in rectal tissue versus titers of specific antibodies in serum,
and (vi) titers of specific antibodies in serum versus specific rectal ASC.

RESULTS

Effect of immunization route on cervicovaginal CT-specific
antibody responses. An important component of the develop-
ment of vaccines against sexually transmitted diseases is to
determine optimal strategies to induce specific immune re-
sponses in the genital tract. To this end, macaques were im-
munized with CT by parenteral and mucosal routes, and the
subsequent B-cell responses in the vaginal and rectal mucosae
and in blood were monitored.

When the immunization routes applied in this study were
compared, repeated vaginal administration of CT was found to
be the most consistent way to induce specific antibody re-
sponses in the female genital tract. These responses were char-
acterized by the development of high titers of specific IgA and
IgG in cervicovaginal secretions. After two immunizations, all
monkeys had CT-specific IgG antibodies in vaginal secretions,
and 50% of these monkeys also had CT-specific IgA (not
shown). After four immunizations, increased CT-specific IgG
in cervicovaginal washes in all seven vaginally immunized an-
imals was observed (Fig. 1A). Six of these monkeys also had
significantly increased CT-specific IgA titers (Fig. 1A). Most
importantly, the genital tracts of four of five animals examined
harbored specific ASC (Fig. 1B), with considerable numbers of
specific ASC in some animals.

In contrast, neither intragastric nor rectal immunization
proved as efficient for the induction of genital antibody re-
sponses. Thus, no responses were observed before the third or
fourth intragastric immunization, and then only two of four
animals showed an increased IgG titer and one of three ani-
mals showed an increased IgA titer (Fig. 1A). We also exam-
ined vaginal antibody responses in two animals after four rectal
immunizations. Neither animal had any appreciable anti-CT
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antibody responses in cervicovaginal washes (Fig. 1A) or any
detectable ASC in cervicovaginal suspensions (Fig. 1B).

It should be noted that we do not have enough data from
systemically immunized animals to draw any conclusions about
the applicability of this route of immunization for induction of
cervicovaginal antibody responses. Even though a single sys-
temic injection with CT induced increased IgG anti-CT activ-
ity, but no IgA anti-CT activity, in cervicovaginal secretions of
all five monkeys examined (not shown), only one of these
monkeys was further immunized systemically, and after four

systemic immunizations, this animal did not have any detect-
able vaginal CT-specific ASC (Fig. 1B).

To evaluate the relationship between vaginal specific ASC
and titers of specific antibodies in vaginal washes, we calcu-
lated Pearson’s correlation coefficient (r). There was no statis-
tical correlation between these two parameters for either IgA
or IgG; for IgA, r 5 0.082 (not significant), and for IgG, r 5
0.350 (not significant).

Effect of immunization route on CT-specific ASC responses
in the rectal mucosa. Several sexually transmitted pathogens
can also infect the lower alimentary tract, e.g., HIV and GBS.
This indicates that an efficient vaccine should, simultaneously
with the induction of genital immunity, also induce immune
responses in the rectal mucosa. To assess the optimal immu-
nization route(s) for rectal ASC responses, we compared the
different immunization routes (oral, rectal, vaginal, and sys-
temic) with respect to the induction of specific ASC in the
rectum.

Similar to the situation for the female genital tract, repeated
topical (rectal) administration of CT was the most consistent
way to induce specific ASC responses in the rectum. Thus, four
of five animals examined after four rectal CT administrations
displayed appreciable CT-specific IgA ASC responses, and all
five animals had vaccine-specific IgG ASC (Fig. 2). In contrast,
only one of six systemically immunized macaques, two of six
intragastrically immunized animals, and none of five vaginally
immunized animals displayed local IgA ASC responses of a
comparable magnitude (Fig. 2). Furthermore, none of the last
three types of immunizations induced any detectable rectal
CT-specific IgG ASC (Fig. 2).

Due to a low antibody content, we were unfortunately un-
able to measure the amounts of antibodies secreted into the
rectal lumen. Instead, we analyzed the relative amount of CT-
specific antibodies within rectal tissue by means of the PER-
FEXT method (13). As seen in Table 1, four rectal immuni-

FIG. 1. Specific antibody (Ab) responses in the female genital tracts of ma-
caques after CT immunization by various routes. Data are expressed as geomet-
ric mean numbers (bars) and individual values (circles) for CT-specific IgA
(closed symbols) and IgG (open symbols). (A) CT-specific titer increases in
cervicovaginal washes after three or four enteric, vaginal, or rectal administra-
tions of CT. Some values are missing due to insufficient material for total IgA
determinations. Titer increases are defined as the postbooster titer divided by the
prepriming titer. (B) CT-specific ASC responses in the cervicovaginal mucosa
after four systemic, vaginal, or rectal immunizations with CT. The dashed line
denotes the limit (30 ASC per 106 MNC) below which net values were considered
negative (99% confidence interval). N.D., not determined.

FIG. 2. Specific ASC responses in the rectums of macaques after immuniza-
tion by various routes. CT-specific ASC responses in the rectal mucosa were
measured after four immunizations. Data are expressed as geometric mean
numbers (bars) and individual values (circles) for CT-specific IgA (closed sym-
bols) and IgG (open symbols) measured 7 days after the last booster immuni-
zation. The dashed line denotes the limit (30 ASC per 106 MNC) below which
net values were considered negative (99% confidence interval).
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zations induced the highest concentrations of CT-specific IgA
within rectal tissue, with an average .500-fold-higher titer
compared to that for naive control animals. Moderate levels of
CT-specific IgA were also induced following repeated vaginal
immunizations, where a .50-fold increase in average titer was
observed. CT-specific IgG, on the other hand, was best induced
by repeated systemic or rectal immunizations (.200- and
.100-fold increases in titer, respectively, compared to naive
animals), whereas oral and vaginal immunizations were poor
inducers of CT-specific IgG accumulation within the rectum.
To evaluate the relationship between specific rectal ASC re-
sponses and titers of specific antibodies in rectal tissue, we
calculated Pearson’s correlation coefficient (r). There was a
statistical correlation between these two parameters for both
IgA and IgG, with r 5 0.737 for IgA (P , 0.001) and r 5 0.683
for IgG (P , 0.01).

Systemic immune responses after mucosal and systemic im-
munizations. Even though local vaginal and rectal production
of antibodies appears to be fundamental in the defense against
several of the sexually transmitted microbial infections dis-
cussed above, the systemic levels of specific antibodies are also
important. For instance, neonatal infection with GBS can be
blocked by passive transfer of specific maternal IgG to the
fetus (15). Perhaps systemic antibodies can also help prevent
dissemination of genital infection, e.g., infection with HIV or
HSV-2. In keeping with this notion, we analyzed the levels of
specific antibodies as well as numbers of specific ASC in serum
after systemic, oral, rectal, and vaginal immunization with CT.

All of the applied immunization schedules induced systemic
B-cell responses. Thus, 2 to 3 weeks after a single systemic
immunization with CT, serum IgG anti-CT antibody responses
had developed in all animals, with titer increases ranging from
80- to more than 2,000-fold (Table 2), and these levels in-
creased with each subsequent immunization (Table 2). After
two systemic doses of CT, all animals also had increased serum
IgA, with increases in titers ranging from 45- to 160-fold (Table
2). Furthermore, all systemically immunized animals had con-
siderable numbers of CT-specific IgG ASC in blood after four
CT immunizations (Fig. 3).

After three intragastric doses of CT, all eight macaques
examined had on average more than a 40-fold (range, 13- to
90-fold) increase in the serum IgG titer, of which five also had
increased serum IgA titers (2.4- to 30-fold increase). However,
only two of four intragastrically immunized macaques had IgG
ASC and/or IgA ASC in blood after three intragastric doses,
and these responses were modest (Fig. 3).

Rectal immunization induced serum IgG and IgA antibody
responses to CT that were comparable to those seen after

TABLE 1. CT-specific antibody concentrations in rectal tissue
following four immunizations with CT

Immunization
routea

Mean titer per 1 mg of rectal tissue in saponin
per ml (range)

IgA IgG

Oral 66 (,10–430) 2,040 (1,040–3,990)
Rectal 5,520 (3,320–8,890) 18,490 (9,210–58,670)
Vaginal 570 (120–2,680) 2,740 (1,000–6,220)
Systemic 130 (90–260) 31,830 (31,330–32,310)

Naive controls ,10 (all ,10) ,143 (,100–420)

a For oral, rectal, and vaginal immunizations, three monkeys received four
doses of 50 mg of CT intragastrically, rectally, or vaginally, respectively. For
systemic immunizations, three monkeys received four intradermal injections of 2
mg of CT.
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intragastric immunization (Table 2). Furthermore, three of
four animals had low frequencies of circulating specific IgA
ASC, and two of these also had IgG ASC (Fig. 3).

All animals receiving CT applied to the cervicovaginal mu-
cosa displayed increased IgG and IgA antibody activity in se-
rum after two immunizations (Table 2), and these responses
were maintained following further vaginal immunizations. Af-
ter four doses of CT, circulating CT-specific IgA ASC were
detected in three of five animals, and CT-specific IgG ASC
were detected in two of five animals (Fig. 3). However, the
levels of specific ASC were relatively modest.

There was a statistically significant correlation between the
titers of antibodies in vaginal washes and the titers of specific
antibodies in serum. This was true for both IgA and IgG. Thus,
Pearson’s correlation coefficient was 0.575 (P , 0.05) for IgA

and 0.539 (P , 0.05) for IgG. The corresponding correlation
coefficients for comparison between numbers of genital ASC
and titers of specific antibodies in serum were 0.395 (not sig-
nificant) for IgA and 20.260 (not significant) for IgG. For
comparison of serum responses with rectal responses, there
was a statistically significant correlation between IgG titers in
serum and concentrations of CT-specific IgG in rectal tissue,
with r 5 0.506 (P , 0.05). However, no statistically significant
correlation between these two groups was observed for IgA
(r 5 20.022), nor were there any significant correlations when
serum and rectal ASC responses were compared (r 5 20.234
for IgA and r 5 20.218 for IgG). There was a statistical
correlation between blood ASC responses and serum antibody
responses for both IgA (r 5 0.501; P , 0.05) and IgG (r 5
0.934; P , 0.001).

Effect of enteric priming on genital and rectal ASC re-
sponses to a subsequent local booster with CT. Although in-
tragastric administrations of CT largely failed to induce an
ASC response in the cervicovaginal mucosa and in the rectum,
we examined whether this route of immunization could prime
animals for a subsequent ASC response upon local boosting
with recall antigen.

For the genital tract, three intragastric doses of CT followed
by one vaginal immunization gave rise to low numbers of
vaginal CT-specific IgA ASC in only one of three animals (Fig.
4A). None of the animals had any detectable CT-specific IgG
ASC. Thus, the level of specific ASC following intragastric
priming was very low compared to the responses obtained after
four vaginal immunizations (Fig. 4A).

For the rectum, all three monkeys that had been primed
intragastrically with CT followed by one rectal booster immu-
nization had relatively high numbers of CT-specific IgA ASC in
their rectums, and one of these animals also had substantial
numbers of CT-specific rectal IgG ASC (Fig. 4B). These re-
sponses were in general of lower magnitude than those seen in
animals that had been both primed and repeatedly boosted in
the rectum (Fig. 4B).

FIG. 3. Specific ASC responses in macaque peripheral blood after four CT
immunizations. Data are expressed as geometric mean numbers (bars) and
individual values (circles) for CT-specific IgA (closed symbols) and IgG (open
symbols) measured 7 days after the last booster immunization.

FIG. 4. Effect of intragastric priming with CT on specific genital (A) and rectal (B) ASC responses after vaginal and rectal CT booster immunization, respectively.
Monkeys received three intragastric doses of CT followed by one vaginal or rectal dose. ASC responses were measured 7 days after booster immunization. Data are
expressed as geometric mean numbers (bars) and individual values (circles) for CT-specific IgA (closed symbols) and IgG (open symbols). The dashed lines denote the
limit (30 ASC per 106 MNC) below which net values were considered negative (99% confidence interval).
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DISCUSSION

In developing vaccines against sexually transmitted micro-
bial infections, it is important to explore means of inducing
local genital and rectal immunity to the pathogen. Such local
immunity involves the accumulation of specific immune cells at
the site of infection, be these antibody-producing B cells,
helper or cytotoxic T cells, or others. In this study we have
focused on immunization strategies that would evoke specific
B-cell responses in the female genital tracts and rectums of
primates. We demonstrated that it is possible to obtain strong
ASC responses in the vaginal and rectal mucosae of nonhuman
primates following immunization with CT. These responses
were evidenced by large numbers of CT-specific IgA as well as
IgG ASC found among MNC isolated from the respective
mucosal tissue. In this respect, local application of antigen was
strikingly more effective than gastric or systemic administration
in inducing immune responses in the genital and lower alimen-
tary tract mucosae.

Within the clear limitations caused by the small numbers of
animals that could be used for each type of immunization, our
observations indicate that among the four different routes of
immunization tried, topical application of CT to the cervico-
vaginal and rectal mucosae was the most efficient and the only
consistent way of inducing both a systemic and a mucosal
antibody response. The latter response was largely accounted
for by local accumulation of specific ASC in the genital tract
and lower alimentary tract mucosae. These data represent the
first proof of vaccine-induced accumulation of specific ASC in
the female genital tracts and lower alimentary tracts of pri-
mates. Previously, similar findings have been recorded for the
female genital tracts of rodents (13, 25).

That vaginal and rectal immunizations give rise to vaginal
and rectal antibody responses, respectively, has previously
been shown with both monkeys (50) and humans (18, 28, 29,
43). However, these responses were monitored only as anti-
bodies in washings from the respective mucosae. We and oth-
ers have previously shown, with the genital tracts of rodents,
that levels of specific antibodies in secretions and frequencies
of specific ASC do not necessarily correlate (13, 25). The same
is true in monkeys, as CT-specific IgG and, to a lesser extent,
IgA were detected in the sera and cervical secretions of par-
enterally or enterically immunized animals in the absence of
detectable ASC in the genital tract. In fact, there was a statis-
tically significant correlation between titers of specific antibod-
ies in sera and in vaginal washes, and this correlation was seen
for both IgA and IgG. This indicates (i) that measurements of
antibody concentrations in vaginal and rectal fluids are not
always a good reflection of local immune induction and (ii)
that the bulk of IgG and IgA detected in cervicovaginal secre-
tions from parenterally, intragastrically, or rectally immunized
macaques was derived from transudation of systemically pro-
duced antibodies. When rectal samples were analyzed, the
PERFEXT method, in which specific antibody titers in extracts
from whole tissue are determined (13), was evaluated. Judging
from the statistical correlation analyses performed, the PER-
FEXT method is compatible with ELISPOT for IgA determi-
nations, whereas for IgG, the concentration of CT-specific
rectal antibodies correlates statistically with both the number
of specific IgG ASC in the rectum and the levels of specific IgG
in serum.

The appearance of specific ASC in the genital and rectal
mucosae after local antigen delivery has several important
implications. First, it confirms the notion that a mucosal im-
mune response is usually strongest at the site of the initial
encounter with antigen (25, 49). Second, this finding has im-

portant implications not only for B-cell responses, where the
effector molecule, the antibody, is secreted and can reach other
destinations in the body via the lymph and blood, but for
cell-mediated immune reactions, where close contact between
effector cells and targets is of fundamental importance. Third,
efficient memory responses are induced only when the specific
memory population of cells expresses the appropriate homing
molecules, enabling them to constantly move through and
scrutinize tissues where infection is likely to occur. It has been
shown that different routes of immunization or infection in-
duce different homing receptors on the resulting circulating
effector as well as memory cells (14, 35, 37) and that these
homing receptors direct the cell trafficking to different induc-
tive or effector sites, including the genital tract (5, 16, 32, 39).

The high numbers of specific ASC detected in both genital
and rectal samples show that the female genital tract mucosa
and the rectum, or their respective draining lymphoid tissues,
can serve as efficient inductive sites for localized as well as
remote humoral immune responses. Conceptually, this has
been known for decades (17, 28, 29), but with respect to the
genital tract, the differences that exist between different types
of antigens, different animal species, and levels of reproductive
cycle hormones have only lately been appreciated. In proges-
terone-treated mice, but not in mice with normal hormone
levels, vaginal ASC and vaginal antibodies can readily be in-
duced by vaginal or intranasal immunization with CT or CTB
(10, 13, 41, 42). In rats, specific genital ASC and secretory
antibodies are induced when CTB-conjugated antigen is given
together with CT adjuvant to animals that are in the proestrus
or estrus stage of the cycle (25). In humans, on the other hand,
rectal and vaginal antibody responses to V. cholerae vaccine
(18, 43) and poliovirus vaccine (28, 29) were obtained after
either rectal or vaginal inoculations, respectively, and were
seemingly unrelated to the stage of the menstrual cycle. In our
study, no hormone treatments or measurements of estradiol
levels were performed. Therefore, we cannot rule out the pos-
sibility that the differences in responses observed were related
to hormone levels.

For several sexually transmitted infections, an optimal B-cell
response would involve not only the appearance of specific
ASC in the mucosa but also high levels of specific antibodies in
the circulation. Such circulating antibodies could prevent dis-
semination of an infection, e.g., HIV, and in the case of GBS
could prevent neonatal infection by passive transmission of
antibodies through the placenta to the fetus (15). As expected,
systemic immunization was superior at increasing both levels of
specific antibodies in serum and frequencies of circulating CT-
specific IgG ASC, even though all routes of immunization
induced moderate levels of specific IgG. However, only vaginal
and rectal immunization gave rise to detectable numbers of
CT-specific IgA ASC. Such specific IgA ASC could be of im-
portance particularly for the defense of other mucosal sur-
faces. Thus, in keeping with the notion of a common mucosal
immune system (26) whereby a fraction of B cells primed at a
mucosal site can repopulate distant mucosal effector compart-
ments, it has been shown that IgA ASC from the intestinal
(mesenteric) lymph nodes of rodents home to various mucosal
tissues, including the female reproductive tract, when trans-
ferred into syngeneic mice (24). Furthermore, intragastric im-
munization with pertinent antigens induces the appearance of
specific antibodies in the female reproductive tract (6, 48) and
can protect mice against vaginal challenge with C. trachomatis
(6). In the present study, recruitment of IgA-secreting B cells
into the genital tract mucosa from a distant, presumably gut-
derived, precursor pool could be found in only one of the three
orally primed macaques given a local vaginal booster dose with
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CT, again demonstrating the larger capacity of local antigen
delivery to induce local vaginal B-cell responses. On the other
hand, intragastric immunizations with CT appeared to be ef-
fective at priming for rectal IgA ASC responses. These re-
sponses were lower than those seen following rectal priming,
which agrees with earlier studies showing that a maximal re-
sponse to a secondary challenge usually occurs at the initial site
of mucosal priming (25, 49). Furthermore, these results imply
that following oral priming, there is a preferential homing of
ASC within the gastrointestinal tract. Studies with rodents (13)
indicate that the nasal route of antigen delivery is very efficient
for the induction of genital tract antibody and ASC responses.
In humans, nasal immunization gives rise to appreciable titers
of specific antibodies in vaginal secretions (2). It would be
interesting to determine the applicability of this route of im-
munization for the induction of vaginal and rectal ASC re-
sponses in human or nonhuman primates.

In summary, the results of this study indicate that specific-
antibody production within the rectal and vaginal tract muco-
sae as well as a systemic humoral immune response can be
induced by local application of antigen. These observations
have obvious implications for the development of vaccines
against sexually transmitted diseases, especially in view of re-
cent data implicating mucosal IgA as a major factor in pre-
venting sexual HIV infection (23).
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The help of Eva Sjögren, Inger Nordström, Maria Hjulström, Mar-
gareta Fredriksson, Annie George-Chandy, Margareta Hedin, Sten
Holm, and Anders Kihlander is gratefully acknowledged.

This study was supported by grants from SIDA/SAREC’s Special
Programme for AIDS and related diseases; NIH grant no. 1 RO1 A1
35543-02; European Commission (Biomed) contract no. CT 920272;
the Swedish Medical Research Council (MFR) projects no. 16X-3382
and 16X-8320; the Faculty of Medicine, University of Göteborg; the
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