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We studied the antibody response including antibody-secreting cells (ASC) in the female genital tract of mice
after mucosal immunizations with the recombinant B subunit of cholera toxin (rCTB) perorally, intraperito-
neally, vaginally, and intranasally (i.n.). The strongest genital antibody responses as measured with a novel
perfusion-extraction method were induced after vaginal and i.n. immunizations, and these routes also gave rise
to specific immunoglobulin A (IgA) and IgG ASC in the genital mucosa. Specific ASC in the iliac lymph nodes,
which drain the female genital tract, were seen only after vaginal immunization. Progesterone treatment
increased the ASC response in the genital tissue after all mucosal immunizations but most markedly after
vaginal immunization. We also tested rCTB as a carrier for human gamma globulin (HGG) and the effect of
adding cholera toxin (CT) as an adjuvant for the induction of systemic and genital antibody responses to HGG
after vaginal and i.n. immunizations. Vaginal immunizations with HGG conjugated to rCTB resulted in high
levels of genital anti-HGG antibodies whether or not CT was added, while after i.n. immunization the strongest
antibody response was seen with the conjugate together with CT. In summary, vaginal and i.n. immunization
give rise to a specific mucosal immune response including ASC in the genital tissue, and vaginal immunization
also elicits ASC in the iliac lymph nodes. We have also shown that rCTB can act as an efficient carrier for a
conjugated antigen for induction of a specific antibody response in the genital tract of mice after vaginal or i.n.

immunization.

Sexually transmitted viral and bacterial infections of the
genital tract are common and cause significant morbidity. No-
table examples of such infections are those caused by herpes
simplex virus (HSV), human papillomavirus, human immuno-
deficiency virus, Chlamydia trachomatis, Neisseria gonorrhoeae
and Haemophilus ducreyi. It is a high priority to develop vac-
cines that induce protection from these infections and their
associated diseases. Both antibodies in the cervicovaginal fluid,
especially secretory immunoglobulin A (IgA) but also IgG
antibodies, and cell-mediated immunity are likely to be impor-
tant in the protection against many sexually transmitted infec-
tions (5, 6, 18, 36). The most investigated route for stimulation
of the mucosal immune system is oral immunization. It is well
known that orally administered antigens can stimulate antigen-
specific B and T cells, including IgA precursor cells in the
gut-associated lymphoid tissues, leading to a dissemination of
activated B and T cells to various preferred mucosal effector
sites, mainly the lamina propria of the gut but also the mam-
mary and salivary glands (1, 10, 20, 23). Oral immunization
with live organisms has been described to give rise to signifi-
cant antibody responses in the genital tract (7, 11), whereas the
oral route has been less efficient in inducing a genital immune
response to nonreplicating antigens (22, 35).

There are some major differences between the mucosal im-
mune system in the genital tract and that in the intestinal
immune system. No lymphoid nodules have been detected in
the genital tracts of mice, and no M-like cells similar to those
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found in the intestine have been reported. Furthermore, IgG is
the predominant immunoglobulin in the cervicovaginal fluid,
in contrast to the intestine, where secretory IgA is by far the
most abundant antibody isotype (28). Several studies have
shown that there is a compartmentalization of the mucosal
immune system, so that mucosal immunization induces stron-
ger immune responses at or adjacent to the site of induction
than at distant sites, consistent with the observation that the
dissemination of mucosal lymphocytes to more remote sites is
a ligand-receptor restricted rather than a random process (13,
14, 29, 30). However, immunizations at the vaginal mucosa to
induce a local antibody response have given variable results
(13, 12, 34). Instead, it has recently been shown that intranasal
(in.) immunizations can give rise to a genital antibody re-
sponse (4, 12, 31).

We have used the stable and highly immunogenic molecules
cholera toxin (CT) and its B subunit (CTB) as model immu-
nogens in mice for studying the efficiency of various immuni-
zation routes to stimulate an antibody response in the female
genital tract. CTB has also been found to function as a useful
carrier protein for induction of mucosal IgA antibodies in the
intestine and salivary glands after oral immunizations, as well
as in the airways after i.n. immunizations against chemically or
genetically coupled foreign antigens (3, 9, 21). We therefore
evaluated the ability of a model protein antigen conjugated to
CTB to elicit a local antibody response in the female genital
tract.

MATERIALS AND METHODS

Antigens. Recombinant CTB (rCTB) was produced and purified from Vibrio
cholerae 358 as described previously (16). CT was obtained from List (Campbell,
Calif.).
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Preparation of CTB-HGG conjugate. Commercially available, purified human
gamma globulin (HGG; Kabi Pharmacia AB, Uppsala, Sweden) was further
purified by gel filtration chromatography on a column (16 by 600 mm) of
Sephacryl S-300 HR (Pharmacia). HGG was then chemically coupled to CTB by
using N-succinimidyl (3-[2-pyridyl]-dithio)propionate (SPDP; Pharmacia) as a
bifunctional coupling reagent, according to the manufacturer’s instructions.
Briefly, CTB and HGG were separately derivatized with SPDP at molar ratios of
1:5 and 1:3, respectively. The SPDP-derivatized HGG was reduced with dithio-
threitol, and excess dithiothreitol and pyridine-2-thione was excluded by sepa-
ration via Sephadex G-25 chromatography (Pharmacia). Final ratios of 2-pyridyl
disulfide on CTB and HGG were 3 and 1.5, respectively. SPDP-derivatized CTB
and HGG were mixed at a weight/weight ratio of 1:5 for 24 h at 23°C. The
resulting CTB-HGG conjugate was freed of released pyridine-2-thione by gel
filtration on Sephadex G-25 chromatography. By means of a solid-phase enzyme-
linked immunosorbent assay (ELISA) using GM1 as capture system and enzyme-
labeled antibodies to CTB and HGG as detection reagents, the conjugate was
shown to have GM1-binding capacity and to retain both CTB and HGG sero-
logical reactivities.

Animals. C57BL/6 female mice, 6 to 7 weeks old, were obtained from B&K
Universal (Stockholm, Sweden; Bomholtsgdrd, Denmark) and from our own
breeding. All mice were treated with medroxyprogesteroneacetate (Depo-
Provera; purchased from the Upjohn Company, Kalamazoo, Mich.), 70 wl sub-
cutaneously (10 mg), on days 10 and 3 prior to immunization unless otherwise
indicated.

Immunizations. (i) Active immunization. The immunization routes used were
intragastric (referred to as peroral [p.o.]), vaginal, i.n., intraperitoneal (i.p.), and
intravenous (i.v.). CTB and CT were diluted in 0.15 M NaCl to a volume of 200
wl for i.p. immunization, 100 wl for i.v. immunization, and 25 pl for vaginal and
i.n. immunizations. For the p.o. immunization, CTB was diluted to a volume of
0.5 ml in 3% Na,COj. The time between the first and second immunizations was
12 to 14 days, with 7 to 10 days between the second and the third immunizations.
The CTB and CT doses used varied between experiments as specified for the
various tables and figures.

(ii) Passive immunization. Mice were immunized i.v. with two doses of 100 pl,
given 1 h apart, of pooled hyperimmune serum from syngeneic mice that previ-
ously had been actively immunized with CTB plus CT. Two hours after the
second dose, when preliminary tests had indicated that the tissue distribution of
antibodies had reached steady state, the mice were killed and serum and tissues
were collected.

Perfusion-extraction method (PERFEXT). Mice were euthanized 1 week after
the last immunization, and 0.1 ml of 1% heparin (Lovens Kemiske Fabrik,
Ballerup, Denmark) in phosphate-buffered saline (PBS) was injected i.p. in the
mouse before blood was drawn from the subclavian vein. Immediately after the
bleeding, the mice were killed and at least 20 ml of 0.1% heparin—-PBS was
infused into the heart to maximally remove blood from the tissues. The organs
were collected and weighed before storage in the freezer at —20°C in a PBS
solution (1 ml per g of tissue) containing 2 mM phenylmethylsulfonyl fluoride,
0.1 mg of trypsin inhibitor from soybean (Sigma Chemical Co., St. Louis, Mo.)
per ml, and 0.05 M EDTA. Saponin (Sigma) was added to a final concentration
of 2% (wt/vol) to permeabilize the cell membranes, and the samples were stored
at 4°C overnight. The organs were spun down at 16,000 X g, and the supernatant
was analyzed for antibody content by ELISA.

ELISA. To detect anti-CTB antibodies, a GM1 ELISA was used (32). Briefly,
96-well low-binding polystyrene plates (Nunc, Roskilde, Denmark) were coated
with GM1 ganglioside (0.3 nmol/ml in PBS) overnight and then incubated with
0.5 pg of CTB/ml. Test samples were added, and incubation continued for 1 h.
Horseradish peroxidase-conjugated anti-mouse IgG or IgA antibodies (Southern
Biotechnology Associates, Inc., Birmingham, Ala.) were added, and the ELISA
was finally developed with o-phenylenediamine (Sigma) and H,O,. The antibody
titers were expressed as the reciprocal sample dilution giving an absorbance of
0.4 above the background level. All antibody titers are given as the geometric
mean (GM) = 1 standard error of the mean (SEM).

Preparation of cells for ELISPOT assay. Spleen and lymph node cells were
isolated by passing the organs through a 150/250-wm nylon net to obtain a single
cell suspension, and the cells were then washed in PBS. Splenic erythrocytes were
lysed with ammonium chloride.

Lamina propria lymphocytes (LPL) were isolated as described elsewhere (19).
In short; the small intestines were washed in Hanks’ buffered salt solution
(HBSS; Gibco BRL) to remove fecal contents. The Peyer’s patches were care-
fully excised and put in calcium- and magnesium-free HBSS (CMF-HBSS)
(Gibco BRL) with 5 mM EDTA. The sedimented Peyer’s patches were then
minced through a 150/250-pm nylon net. The intestines were opened up length-
wise and cut into 5-mm pieces. The pieces were washed six times in CMF-HBSS
and incubated four times for 15 min each in prewarmed (37°C) CMF-HBSS
containing 5 mM EDTA. The tissue pieces were then digested with collagenase
(300 U/ml; Sigma) for 1 h to extract the LPL. This incubation was repeated twice;
after each incubation, LPL were collected. Finally LPL from three cycles were
pooled and purified on a 40%/100% discontinuous Percoll (Pharmacia, Uppsala,
Sweden) gradient by centrifugation (650 X g for 20 min). Lymphocytes were
recovered from the 40%/100% interface and washed twice in PBS. The number
and viability of lymphocytes were determined by trypan blue exclusion.

Cells were prepared from the genital tissue and lungs by cutting the tissues in
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small pieces. The tissue pieces were incubated in HBSS supplemented with
collagenase-dispase (1 mg/ml; Sigma), gentamicin (0.1 mg/ml), and DNase (0.2
mg/ml) (Boehringer Mannheim) for 30 to 45 min on a magnetic stirrer at 37°C.
The supernatant was decanted and saved, and the collagenase treatment was
repeated once with fresh medium. The cells were washed and centrifuged (5 min,
375 X g) three times, and cell numbers and viability were determined by trypan
blue exclusion. This procedure releases approximately 90% of the lymphocytes
from the genital tissue and all lymphocytes from the lungs.

ELISPOT. Cell suspensions from genital tissue, lungs, lymph nodes, spleen,
lamina propria, and Peyer’s patches were analyzed for CTB-specific antibody-
secreting cells (ASC) by an ELISPOT assay as described previously (22), with
some modifications. Briefly, nitrocellulose-bottom 96-well plates (Millipore)
were coated overnight with GM1 ganglioside (3 nmol/ml) followed by CTB (2.5
wg/ml) and were then blocked with 0.5% (wt/vol) bovine serum albumin. Imme-
diately after isolation, the mononuclear cells (MNC) were added in triplicate to
the antigen-coated wells and incubated overnight at 37°C in a moist atmosphere
with 5% CO,. Biotin-labeled goat anti-mouse IgG and IgA antibodies (Southern
Biotechnology) were added, followed by horseradish peroxidase-labeled egg-
avidin (Extravidin; 4 pg/ml; Sigma). Spots were developed by using 0.3 mg of
3-amino-9-ethylcarbazole (Sigma) per ml and 0.015% (vol/vol) H,O, in 0.1 M
sodium acetate (pH 5.0).

Statistical methods. Before calculations, all values were log,, transformed.
GM and SEM or standard deviation were calculated. Student’s ¢ test with Bon-
ferroni correction was used to compare mean values of different groups. In the
CTB-HGG study, analysis of variance was used as appropriate for analysis of the
significances of differences in titers, and post hoc comparisons of the individual
groups were performed with Scheffe’s test. The software Statistica 4.0 for Win-
dows (Softstat, Tulsa, Okla.) was used for the calculations.

RESULTS

Antibody response in the female genital tract. To determine
the best route of immunization for induction of high antibody
titers in the female genital tract, mice were immunized three
times i.p., vaginally, i.n., or p.o. with rCTB mixed with a low
amount of CT. One week after the last immunization, the
genital tissue was collected and divided into fallopian tubes,
uterus, and vagina before extraction of the immunoglobulins.

The vaginal and i.n. routes of immunization were signifi-
cantly (P < 0.01) more efficient than the i.p. and p.o. routes in
stimulating a specific IgA response to CTB in the vaginal
mucosa (Fig. 1). The i.n. immunizations induced high specific
titers in the vagina, the uterus, and the fallopian tubes, while
vaginal immunization gave the highest specific IgA titers in the
vagina but lower titers in the uterus and no specific titers in the
fallopian tubes. The i.p. and p.o. immunizations also resulted
in significant genital titer responses, but these were in both
cases approximately 10 times lower than those seen after the
i.n. immunizations (Fig. 1). The IgG antibody levels were rel-
atively high in all parts of the genital tract irrespective of the
immunization route (Fig. 1).

A separate experiment performed with a much lower CTB
dose, 6 ng, given together with 2 ng of CT gave a pattern very
similar to that for the high-dose experiment illustrated in Fig.
1, irrespective of immunization route (data not shown).

The PERFEXT method. We used the PERFEXT method
combined with ELISA for measuring antibody levels in differ-
ent mucosal tissues. Antibodies were extracted in vitro from
the tissues by freezing and thawing in a solution containing
saponin. The tissues had been collected after extensive perfu-
sion of the animals to maximally remove blood from the tis-
sues. To determine whether the antibodies measured by this
method result from the transudation of serum antibodies, we
compared the tissue-to-serum antibody titer ratios after differ-
ent routes of mucosal immunizations with those after passive
i.v. immunization with immune serum. The results are shown
in Table 1. The specific IgA titers in the small intestine after
p-0. immunization, in the lungs and genital tissue after i.n.
immunization, and in the genital tissue after vaginal immuni-
zation in a selective route-tissue-related manner exceed the
corresponding serum titers and could thus not be explained by
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FIG. 1. CTB-specific IgA and IgG titers in the genital mucosa after three
p.o., i.p., i.n., or vaginal (VAG) immunizations with rCTB admixed with a small
amount of CT. Antibody titers are given as log;, of the GM of titers = SEM.
Each group contain 8 to 12 mice. White bars, titers in the fallopian tubes; striped
bars, titers in the uterus; black bars, titers in the vagina. The CTB and CT doses
used were 135 pg of CTB plus 5 pg of CT (p.o.), 20 pg of CTB plus 1.25 pg of
CT (i.p.), and 85 ug of CTB plus 5 or 2.5 pg of CT (vaginal or i.n., respectively).
Student’s ¢ test corrected for multiple comparisons shows that vaginal IgA titers
after i.n. or vaginal immunizations were significantly (P < 0.01) higher than after
p.0. or i.p. immunizations.

transudation of serum antibodies. In addition, the results show
that only a few percent of the passively administered antibod-
ies are found in the mucosal tissues, thereby supporting the
notion that the substantially higher levels of specific IgA seen
in the vagina/uterus tissue after p.o. immunization and of spe-
cific IgG after vaginal immunization also to a significant extent
represent local synthesis rather than mere serum transudation.

INFECT. IMMUN.

Altogether, the results strongly indicate that the PERFEXT
method largely measures the local IgA antibody response in
the tissue and that the contribution of IgA antibodies resulting
from maintained blood in the tissue represents only a very
small part of the measured antibody titers.

ASC in genital tract tissue. To further establish the potency
with which the different mucosal immunizations induced a
local antibody production in the genital tissue, we used the
ELISPOT assay to enumerate CTB-specific IgA and IgG ASC
after three p.o., vaginal, or i.n. immunizations. One week after
the last immunization, MNC were isolated from combined
vagina, uterus, and fallopian tube tissues as well as from the
iliac lymph nodes (ILN) and examined for specific anti-CTB
IgA and IgG ASC. As shown in Fig. 2, both the vaginal and to
a lesser extent the i.n. immunizations induced high numbers of
CTB-specific IgA as well as IgG ASC in the female genital
tissue, thus confirming the results from the PERFEXT studies
of local production of specific antibodies after either of these
routes of immunization. In further agreement with the PER-
FEXT studies, p.o. immunization induced only modest num-
bers of CTB-specific ASC in the genital tissue. Upon exami-
nation of the ASC in the ILN that drain the female genital
tract, it was evident that only the vaginal immunization in-
duced CTB-specific ASC at this site (Fig. 2).

Effect of progesterone treatment on the specific ASC. All
mice used in our study had been treated with progesterone. To
assess the possible effect of such a treatment on the antibody
response, we compared the number of specific ASC in groups
of progesterone-treated or untreated animals following immu-
nization with CTB. As evident from Table 2, the progesterone
treatment increased both the anti-CTB IgA and IgG ASC in
the female genital tract after all mucosal immunizations, al-
though the increase was most marked after vaginal immuniza-
tion. No specific IgA ASC were detected in the genital tract
following i.v. immunization (not shown).

Antibody response in the genital tract to a CTB-protein
antigen conjugate. The potential of using CTB as a carrier
protein for the induction of a systemic as well as a local genital
tract antibody response to a conjugated protein antigen was
evaluated by using an HGG-CTB conjugate. We also analyzed
the effect of adding free CT as an adjuvant to either HGG or
the HGG-CTB conjugate. The antibody response in the serum
and the female genital tract to HGG was measured after three
i.n. or vaginal immunizations. In serum, no specific IgA titers
could be detected after immunization with HGG alone (Fig.
3). In contrast, when using CT as an adjuvant and/or rCTB as
a carrier protein for HGG, we observed a significant HGG-
specific serum IgA response after in. immunization (P <
0.001). Coupling of HGG to CTB was also found necessary to
induce a significant HGG-specific IgA serum response after
vaginal immunization (P < 0.001), but in contrast to the i.n.

TABLE 1. CTB-specific antibody titers in tissues

GM % of serum titer” (GM * 1 SD)

. Rou'te' qf a Lungs Vagina/uterus Small intestine
immunization
IgA 1gG IgA 1gG IgA 1gG
p.o. 18 (6.2-53) 2.5(0.72-8.8) 15 (6.3-33) 5.4 (1.8-16) 131 (105-164) 1.9 (1.4-2.7)
Vaginal 0.76 (0.39-1.51) 2.2 (1.6-3.0) 221 (204-240) 40 (30-53) 7.1 (5.0-10) 4.0 (3.1-5.0)
in. 220 (162-300) 2.3 (0.88-6.2) 144 (60-343) 4.7 (3.4-6.7) 11 (6.4-20) 0.66 (0.52-0.84)
Passive i.v. 0.71 (0.32-1.60) 0.87 (0.29-2.59) 1.95 (0.52-7.26) 4.14 (1.3-12.7) 1.48 (0.45-4.93) 0.78 (0.67-0.90)

“The CTB and CT doses used in this experiment were 6 ug of CTB plus 2 pg of CT. Each group contained four mice.

® GM% = CTB-specific antibody titer in tissue/corresponding serum titers X 100.
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FIG. 2. CTB-specific IgA and IgG ASC in the vagina and uterus and ILN
after p.o. or vaginal immunization with 20 pg of CTB plus 5 pg of CT or in.
immunization with 20 g of CTB plus 2.5 pg of CT. Each group consisted of a
pool of three mice, and values are given as the GM of specific ASC/10° MNC
from two independent experiments.

immunizations, the addition of CT had no effect on the HGG-
specific IgA titers. All immunization regimens induced high
IgG titers to HGG in serum (Fig. 3), which were further
increased in the i.n. immunization group if CT was used as
an adjuvant (P = 0.003) and in the vaginal immunization
group by using CTB as a carrier and CT as an adjuvant (P =
0.008).

In the genital tract, after i.n. immunization, it was necessary
to use CT as an adjuvant to obtain a significant IgA response
(P < 0.001) (Fig. 4). In contrast, the addition of CT had no
significant effect on the local IgA response following the vag-
inal immunization, which instead was dependent on the con-
jugation of HGG to CTB (P < 0.05 for the IgA response in the
HGG-CTB group versus the HGG alone group). This differ-
ence between the vaginal and i.n. immunizations was also ob-
vious in the induction of a specific IgG response in the genital
tract. The addition of CT increased the genital IgG titers to
HGG significantly after i.n. immunization (P < 0.001) but not
after vaginal immunization (Fig. 4). In contrast, the conjuga-
tion of HGG to CTB markedly increased the genital IgG titers
after vaginal immunization (P < 0.05), while the conjugate was
no better than HGG alone in stimulating a genital tract IgG
response after i.n. immunization unless CT was added as an
adjuvant.
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DISCUSSION

An important component in research efforts to develop vac-
cines against viral or bacterial sexually transmitted diseases
(STDs) is the definition of routes and other conditions of
immunization that stimulate mucosal immune responses in the
genital tract, and ideally also systemic immune responses. Our
results for female mice after immunization with CTB and CT
or a CTB-protein antigen conjugate show that (i) both vaginal
and i.n. immunizations give rise to strong antibody responses in
the genital tract mucosa, while p.o. or parenteral (i.p. or i.v.)
immunizations are less efficient in this regard; (ii) there is a
strong hormonal influence on the immune response, proges-
terone being found to increase the mucosal antibody response
in the genital tract; and (iii) conjugation to CTB markedly
increases the systemic as well as the genital tract immunoge-
nicity of a model protein antigen (HGG) when administered by
either the vaginal or the i.n. route. After i.n. immunization, the
immunogenicity is much further enhanced by the addition of
CT as an adjuvant, while the immune response after vaginal
immunization with the CTB-HGG conjugate is strong both in
the presence and in the absence of CT.

The local antibody response after either vaginal or i.n. im-
munization was documented both with a novel PERFEXT
method based on extraction of antibodies from mucosal tissues
of extensively perfused animals and with the ELISPOT method
enumerating specific ASC in isolated MNC from the tissues.
The PERFEXT results provided evidence for a significant al-
though relatively modest local IgA formation in the genital
tract after p.o. immunization and a more substantial local an-
tibody response after vaginal and in. immunizations. These
results were confirmed by the ELISPOT assays of ASC re-
sponses in the different tissues. We also found specific IgG
ASC in addition to IgA ASC in the genital tissue, supporting
previous observations (12) that there is a local production of
IgG in the genital tract after mucosal immunizations. However,
in contrast to the specific IgA antibody titers, high IgG anti-
body titers in the range observed for serum transudation were
found in the genital tract independently of the immunization
route. This indicates that despite the evidence for some local

TABLE 2. Effect of progesterone treatment expressed as the
ratio between CTB-specific ASC in mice treated with
progesterone and in untreated mice”

Route of Ti GM
. o issue
immunization IgA IgG
p.o. Small intestine 0.55 0.87
Large intestine 0.55 0.71
Vagina/uterus 18 3.5
Spleen 0.85 0.69
in. Vagina/uterus 10 32
Lungs 1.8 1.5
Spleen 3.9 1.5
Vaginal Vagina/uterus 129 18
ILN 3.8 3.1
Spleen 1.6 0.94
iv. Spleen 1.6 0.94

“ The doses of CTB and CT used in these experiments were 20 ng of CTB plus
5 pg of CT for p.o. and vaginal immunizations, 20 pg of CTB plus 2.5 pg of CT
for i.n. immunizations, and 8 ug of CTB plus 0.2 pg of CT for i.v. immunizations.
Each group consists of a pool of three mice, and the results are expressed as the
GM of two independent experiments.
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FIG. 3. HGG-specific IgA and IgG titers in serum after i.n. or vaginal im-
munizations with 12 pg of HGG = 3 pg of CTB * 2 pg of CT. Antibody titers
are given as log,, of the GM of titers = SEM. Each group contained four mice.
Black bars, i.n. immunization; white bars, vaginal immunization.

production, the bulk of IgG antibodies in the genital tract may
come from transudation of serum.

The fact that the vaginal immunization induced a large num-
ber of specific IgA and IgG ASC in the draining lymph nodes
in addition to the ASC response in the genital mucosa is a clear
indication that the genital tract can act not only as an expres-
sion site but also as an initiation site of an immune response.
The induction of specific ASC, mainly IgG but also IgA, in the
ILN after vaginal immunization probably contributes to both
the local antibody response in the genital tract and the systemic
antibody response seen after this route of immunization. In our
study, CTB-specific ASC in the ILN were found exclusively
after vaginal immunization and not after i.n. immunization,
neither 7 nor 14 days (not shown) after the third immunization.
Gallichan and Rosenthal (12) found HSV type 2 (HSV-2)-
specific ASC in the ILN following i.n. immunization with a
recombinant adenovirus vector expressing HSV-2 antigen fol-
lowed by an intravaginal challenge with HSV-2. This discrep-
ancy may be explained by the use of nonreplicating CTB rather
than replicating adenovirus antigens for i.n. immunization and
the fact that the animals in the study by Gallichan and
Rosenthal were intravaginally challenged with live virus.

Although the strongest local IgA antibody and ASC re-
sponses in the cervicovaginal mucosa was achieved by the vag-
inal immunizations, almost as strong cervicovaginal responses
associated with an even higher response in the uterus could be
obtained after i.n. immunization. It is not clear why the i.n.
route, much better than the p.o. and parenteral immunizations,
induces such a strong antibody response in the genital tract.
One possibility is the differential expression of homing recep-
tors on migrating antigen-activated immunocytes from differ-
ent mucosal induction sites. Such a difference was recently
found in human subjects after immunization with CTB by the
i.n., p.o. and rectal routes, where the circulating ASC following
p-o. or rectal immunizations expressed a4B7 and only a minor
fraction of these cells expressed L-selectin, while the ASC after
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i.n. immunization coexpressed L-selectin and a4B7 (30). How-
ever, it is not known which ligand-receptor specificities are
involved in the homing of lymphocytes to the genital tract. We
have recently been able to confirm the capacity of i.n. immu-
nization with rCTB to elicit a specific IgA and IgG antibody
response in vaginal secretions of humans (4), and Wassén et al.
(35) found that in humans, vaginal immunization with CTB
and to a lesser extent p.o. immunization could induce specific
antibodies in the genital tract. Thus, it appears that both vag-
inal and i.n. immunizations would be efficient administration
routes for future STD vaccines in women, and work is in
progress to determine if the i.n. route may also be useful for
vaccination of males. Arguably, it cannot be excluded that after
the i.n. immunization there might be some spillage from the
nasal passages into the lungs, which could possibly affect the
antibody response, including its tissue distribution. However,
in a recent study of humans, we have confirmed the induction
of CTB-specific antibodies in the vaginal secretions after i.n.
vaccination under conditions where pulmonary immunization
practically could be excluded.

The finding that CTB induces a strong antibody response in
the female genital tract after vaginal immunization as shown in
this study and others (35) differ from results reported by
Haneberg et al. (13), who found that vaginal immunization
with CTB did not induce any vaginal antibody response. A
likely explanation for this discrepancy is the influence of es-
trogen and progesterone on the immune system in the female
genital tract. The animals used by Haneberg et al. were not
treated with progesterone, while our mice were treated with
progesterone throughout the study. The ability to respond to
an antigen varies greatly with the estrous cycle. When animals
are in the estrous stage, the epithelium can act as a barrier to
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FIG. 4. HGG-specific IgA and IgG titers in vagina and uterus after i.n. or
vaginal immunizations with 12 pg of HGG = 3 pg of CTB *= 2 ug of CT.
Antibody titers are given as log;, of the GM of titers = SEM. Each group
contained four mice. Black bars, i.n. immunization; white bars, vaginal immuni-
zation.
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protein movement and may interfere with the antigen uptake
(27). Further, it has been shown that the ability of APC to
present antigens in vagina and uterus varies with the stage of
the estrous cycle (38, 39). The treatment with progesterone
before immunization reduces variability in the results due to
hormonal influence. Progesterone maintains the animals in the
midestrus-diestrous stage of the cycle, where the influence of
estrogen is low; an additional advantage of progesterone treat-
ment is easier administration of the antigen by the vaginal
route. Progesterone is, however, known to affect the immune
system, although the effects described are not consistent. Wira
and Sullivan (37) found in rats that progesterone blocked es-
tradiol-stimulated increases in uterine IgA and IgG antibody
levels and that progesterone either alone or in combination
with estradiol inhibited the cervicovaginal IgA and IgG re-
sponse. Parr and Parr (26), on the other hand, found that in the
mouse uterus both estradiol and progesterone increased the
number of IgA plasma cells, and Gallichan and Rosenthal (12)
recently reported a selective increase in IgG in vaginal secre-
tions after progesterone treatment. Our results presented here
show that treatment with progesterone before immunization
markedly increased the number of specific IgA and IgG ASC
in the vagina and uterus after all mucosal immunizations and
that this effect was most pronounced after vaginal immuniza-
tion and was also evident in the ILN.

An important reason for studying the genital tract immune
response after various mucosal routes of immunization using
CTB as a model antigen relates to the promising features of
CTB as a carrier-delivery system for future STD vaccine anti-
gens (22, 31). The induction of a mucosal immune response to
most nonreplicating antigens generally requires that the anti-
gen be given together with a strong mucosal adjuvant and/or be
administered physically linked to a mucosa-binding lectin-like
carrier molecule (2). CTB, with a strong binding affinity to
mucosal surfaces, has proved to be an exceptionally efficient
mucosal immunogen, especially in humans, after either p.o.,
in., rectal, or vaginal immunizations (4, 30, 33, 35). CTB has
also been shown in animals to function as an efficient carrier
for other antigens, especially when coadministered with CT (3,
9, 24). In the present study, we show that rCTB can act as a
carrier for HGG even without the use of CT as an adjuvant and
that such a conjugate induces a substantial genital mucosal IgA
and IgG anti-HGG response after vaginal immunization. Con-
jugation of HGG to CTB also enhanced the specific IgA an-
tibody titers both in serum and in the genital tract after i.n.
immunization. The adjuvant properties of CT appear related
to the route of immunization, but the reason for this is not
clear. Whereas addition of free CT in the i.n.-immunized
group markedly enhanced the antibody response to both free
and coupled antigen, no such effect of CT was observed in
vaginally immunized animals. The much stronger immunoge-
nicity and adjuvant effect of CT compared with those of CTB
in mice is in contrast to the effects seen after vaccination of
humans, where CTB alone is strongly immunogenic after p.o.,
vaginal, and i.n. vaccinations and antibody levels in the gut
after oral vaccination are comparable to the levels seen in
convalescents after severe cholera disease (4, 33, 35). In pre-
liminary studies, we have shown a significant increase in the
vaginal IgA antibody response in mice to a specific C. tracho-
matis candidate vaccine peptide (a colinear T-B-cell epitope
sequence derived from the major outer membrane protein of
C. trachomatis) after conjugating this peptide to CTB and
administering the conjugate by the vaginal route (15). Alto-
gether, our results support the concept that CTB is a promising
carrier/immunomodulating molecule for inducing local genital
immunity to relevant proteins or peptide antigens conjugated
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to CTB and that either the vaginal or the i.n. route of admin-
istration may be useful for this purpose.
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