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Enhanced mucosal and systemic immune responses to Helicobacter pylori
antigens through mucosal priming followed by systemic boosting immunizations
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SUMMARY

It is estimated that Helicobacter pylori infects the stomachs of over 50% of the world’s
population and if not treated may cause chronic gastritis, peptic ulcer disease, gastric
adenocarcinoma and gastric B-cell lymphoma. The aim of this study was to enhance the
mucosal and systemic immune responses against the H. pylori antigens cytotoxin-associated
gene A (CagA) and neutrophil-activating protein (NAP), through combinations of mucosal
and systemic immunizations in female BALB/c mice. We found that oral or intranasal (i.n.)
followed by i.m. immunizations induced significantly higher serum titres against NAP and
CagA compared to i.n. alone, oral alone, i.m. alone, i.m. followed by i.n. or i.m. followed by
oral immunizations. However, only oral followed by i.m. immunizations induced anti-NAP
antibody-secreting cells in the stomach. Moreover, mucosal immunizations alone or in
combination with i.m., but not i.m. immunizations alone, induced mucosal immunoglobulin
A (IgA) responses in faeces. Any single route or combination of immunization routes with
NAP and CagA preferentially induced antigen-specific splenic interleukin-4-secreting cells
and far fewer interferon-y-secreting cells in the spleen. Moreover, i.n. immunizations alone or
in combination with i.m. immunizations induced predominantly serum IgG1 and far less
serum IgG2a. Importantly, we found that while both i.n. and i.m. recall immunizations
induced similar levels of serum antibody responses, mucosal IgA responses in faeces were only
achieved through i.n. recall immunization. Collectively, our data show that mucosal followed
by systemic immunization significantly enhanced local and systemic immune responses and
that i.n. recall immunization is required to induce both mucosal and systemic memory type
responses.

INTRODUCTION

It is estimated that Helicobacter pylori, a Gram-negative, spiral,
microaerophilic bacterium, infects the stomachs of over 50% of
the world’s population and if not treated it can cause, in certain
individuals, chronic gastritis, peptic ulcer disease, gastric
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adenocarcinoma and gastric B-cell lymphoma.' Current thera-
pies based on a proton-pump inhibitor and antibiotics have
several drawbacks, including patient compliance, antibiotic
resistance and recurrence of infections. Therefore, vaccine
development against infection with H. pylori has attracted much
attention. Efforts for vaccine development against infection
with H. pylori have focused on antigens that are involved in
the pathogenesis of the bacterium such as urease, the vacuolat-
ing cytotoxin (VacA), the cytotoxin-associated antigen (CagA)
and the neutrophil-activating protein (NAP).>?

Several studies have demonstrated protection against chal-
lenge with H. pylori following oral,”® intranasal (i.n.)*'® and
rectal,!' as well as systemic, immunizations.'*™'*

The mechanisms of protection against H. pylori remain
elusive. The presence of systemic and/or local H. pylori-specific
antibody production has in some studies shown correlation with
protection.®!3 Specifically, a role of local immunoglobulin A
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(IgA) secretion has been suggested in protected mice.®'® More-
over, homing of cells expressing the mucosal homing receptor
as inducers of local immunity has been regarded as important in
protection.'”'® However, other studies have shown protection
from H. pylori challenge in the absence of local antibody or
IgA.'%2° There is increasing evidence that protection can be
mediated by CD4™" T cells.'”*° It appears that infection with H.
pylori results in enhanced interferon-y (IFN-y) and thus T
helper type 1 (Thl) -type responses.”'™> These and other
studies?*2® suggest that induction of a Th2-type response
may reverse the course of the infection and/or pathogenicity
of H. pylori. Thus, vaccine candidates that selectively induce
Th2-type responses against H. pylori are sought.

Perhaps the most desirable attribute of vaccination is long-
term protection against pathogens. However, in the majority of
H. pylori vaccine studies the animals were challenged in the
acute phase of the immune response. It is not known whether
mucosal or systemic immunizations can best afford protection a
long time after priming immunizations. Several studies have
demonstrated that local or mucosal immunization best affords
protection a long time after priming immunizations.?” Thus,
mucosal immunizations may afford better protection in long-
term studies. Moreover, mucosal immunizations can be per-
formed without the use of needles, thus eliminating frequent
transmission of various diseases through the re-use of contami-
nated needles in developing countries. Nonetheless, induction
of mucosal responses through mucosal immunizations requires
mucosal adjuvants, ideally non-toxic, or delivery systems that
can be used for human vaccines. However, it is necessary to
induce immune responses through mucosal immunization adju-
vants or delivery systems. Two mutants of the heat-labile toxin
(LT), elaborated from enteropathogenic Escherichia coli, were
originated®® and have shown potency as a mucosal adjuvant.

In this study, we compared the mucosal route with parenteral
routes of immunization and then sought to determine whether
combinations of mucosal prime and systemic boost or systemic
prime and mucosal boost would result in enhanced mucosal and
systemic humoral immunity. For the systemic immunizations
the oil in water emulsion, MF59, was used. For mucosal routes
the i.n. route was compared with the oral route, using LTK63
and LTR72, respectively. Because a Th2-type immune response
is desirable in an H. pylori vaccine, we investigated whether our
immunization strategy induced Thl- or Th2-type responses.
Moreover, we aimed to establish whether memory-type
responses could be elicited by mucosal or systemic re-boosting
in mice immunized with combinations of mucosal and systemic
immunizations.

MATERIALS AND METHODS

Mice, immunizations and vaccine preparations

Female BALB/c mice were purchased from Jackson Labora-
tories (Bar Harbor, ME) and used at the age of 6-8 weeks at the
beginning of immunizations. Immunizations were performed at
0, 10, 20, 30, 40 and/or 50 days. CagA and NAP were prepared
as previously described.”* The LTK63 and LTR72 mutants of E.
coli enterotoxin were originated and prepared as described?®
and used for i.n. and oral immunizations, respectively. The
doses for NAP or CagA were 10 pg each for intramuscular
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(i.m.), 30 pg each fori.n., and 100 g each for oral immuniza-
tions. The i.n. immunizations were given with 10 pg LTK63 in
30 wl phosphate-buffered saline (PBS). The i.m. immunizations
were given in 50 pl of the oil in water emulsion, MF59. Oral
immunizations were given with 10 wg LTR72 in 500 pl 3%
bicarbonate/PBS. The i.m. immunizations were given in the
right thigh and i.n. immunizations were administered to the
nares of non-anesthetized mice and allowed to be inhaled. Oral
immunizations were performed on non-anesthetized mice
through a ball-end, steel feeding tube. Sera and faecal pellets
were collected at 6 days post-final immunization and the mice
were killed at 7 days post final immunization to prepare single-
cell suspensions from the stomach mucosa, mesenteric lymph
nodes and spleen for the ELISPOT assays.

ELISPOT assay for detection of anti-CagA and anti-NAP
antibody-secreting cells

Single-cell suspensions from pooled stomachs from 10 mice per
group (prepared by collagenase/dispase digestion), mesenteric
lymph nodes (prepared by meshing through a nylon mesh) and
spleen (prepared by meshing through a nylon mesh) from 10
mice per group were added onto nitrocellulose or polyvinyldi-
fluoride plates (Millipore, Billerca, MA) precoated with NAP
(5 pg/ml PBS) or CagA (10 pwg/ml PBS) and blocked with
complete RPMI-1640 medium at pH 7-2, containing 10% fetal
calf serum, 5 mM HEPES and antibiotics. Following overnight
incubation of cells the plates were washed with PBS/0-02%
Tween-20 (PBS/Tween) and biotinylated goat anti-mouse
H + L immunoglobulin (Southern Biotechnology Associates,
Birmingham, AL) was added in PBS/0-1% bovine serum
albumin/0-02% Tween-20 (PBS/BSA/Tween) and incubated
at room temperature for 2 hr. The plates were washed with
PBS/Tween and incubated for 1 hr at 37° with avidin—perox-
idase (Pharmingen, BD, San Diego, CA) at 1 : 1000 dilution in
PBS/BSA/Tween. The plates were washed with PBS/Tween and
the spots were visualized by adding 3,3 diaminobenzidine
tetrahydrochloride dihydrate(DAB) in Tris—HCI (pH 7-5) buffer
for 30 min The plates were washed with de-ionized H,O and
air-dried. The spots were counted by a Zeiss KS automatic
ELISPOT reader. Two to four wells per group and per tissue
were counted. The data are presented as mean + SD of two
independent experiments with pools of 10 individual mice per
group and are expressed as the number of NAP- or CagA-
specific antibody-secreting cells per 10° mononuclear cells.

ELISPOT assay for detection of anti-CagA and anti-NAP
cytokine-secreting cells

Single-cell suspensions from pooled stomach, mesenteric
lymph nodes and spleen from 10 mice per group were added
onto nitrocellulose or polyvinyldifluoride plates (Millipore)
precoated with rat anti-mouse interleukin-4 (IL-4; Endogen,
Woburn, MA; catalogue number MM450C) or rat anti-mouse
IFN-y (catalogue number 18181D, BD/Pharmingen) and
blocked with complete RPMI-1640 medium at pH 7-2, contain-
ing 10% fetal calf serum, 5 mM HEPES and antibiotics. Single-
cell suspensions from the various tissues were then incubated
overnight with a mixture of CagA and NAP proteins at a final
concentration of 10 pg/ml. The plates were then washed with
PBS/Tween and biotinylated rat anti-mouse IL-4 (Endogen,
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catalogue number, MM450DB) or biotinylated rat anti-mouse
IFN-vy (Pharmingen, catalogue number 18112D) was added in
PBS/BSA/Tween and incubated at room temperature for 2 hr.
The plates were washed with PBS/Tween and incubated for 1 hr
at 37° with avidin-peroxidase (Pharmingen) at 1 : 1000 dilution
in PBS/BSA/Tween. The plates were washed with PBS/Tween
and the spots were visualized by adding DAB substrate in Tris—
HCI (pH 7-5) buffer for 30 min The reaction was stopped by
washing the plates with de-ionized H,O. The plates were air-
dried and the spots were counted by a Zeiss KS automatic
ELISPOT reader. two to four wells per group and per tissue were
counted. The data are presented as mean + SD of two inde-
pendent experiments with pools of 10 individual mice per group
and are expressed as the number of NAP- or CagA-specific
antibody-secreting cells per 10® mononuclear cells.

Enzyme-linked immunosorbent assay (ELISA)

CagA- and NAP-specific serum IgG, IgG1, or IgG2a titres were
determined by a standard colorimetric ELISA, while faecal
pellet extracts were assayed for IgA using a bioluminescent
immunosorbant assay (BIA) as described below. Briefly, ELISA
plates (96-well U-bottom by Nunc Maxisorp, Denmark) were
coated with CagA or NAP protein at 10 pg/well in PBS over-
night at 4°. After washing with PBS/0-03% Tween-20 (Sigma),
the wells were blocked with PBS/2% fetal calf serum for
30 min at 37°. Serum samples were added in an initial dilution
of 1 : 5000 and then 1 : 2 serial dilutions were performed in the
blocking reagent. A standard serum was included in each assay
as a positive control. The samples and standard sera were
incubated at 4° overnight and then washed with PBS/0-03%
Tween-20. The plates were washed and biotinylated goat anti-
mouse IgA or IgG at a 1 : 10 000 dilution was added in PBS/
2% fetal calf serum and incubated for 2 hr at room temperature.
The plates were then washed and avidin-horseradish peroxidase
(Pharmingen) ata 1 : 1000 dilution was added and incubated at
37° for 30 min The plates were then washed with PBS/0-03%
Tween-20 and developed with tetramethylbenzidine (Kirke-
gaard and Perry, Gaithersburg, MD) for 15 min and then
stopped with 2 M HCI. The optical density of each well was
measured using a Titertek instrument at 450 nm. The results are
shown as average antigen-specific IgG or IgA end-point titres
from 10 individual mice per group plus standard deviation. The
end-point titres are reported as the reciprocal of the serum
dilutions that gave an optical density of 450 nm at 0-5 ELISA
absorbancy units.

Faecal pellet extracts were assayed for IgA using a BIA as
previously described.?® Briefly, ELISA plates (MicroLite
obtained from Dynatech, Chantilly, VA) were first coated with
the NAP or CagA (5 pg/ml) overnight. After blocking (5% goat
serum, 25 mM Tris—HCI, 10 mM EGTA, 150 mM KCl, 2 mg/ml
BSA, 0-3% Tween-20, pH 7-5), plates were coated with 1 : 3
serially diluted faecal pellet samples in blocking buffer. The
plates were developed using 1 : 1000 diluted goat anti-mouse
IgA biotin conjugate. Plates were then incubated with 1 : 500
diluted streptavidin-jellyfish aequorin conjugate (SeaLite
Sciences, Bogart, GA). Luminescence was triggered with
10 mM calcium acetate and measured using a luminometer
(Dynatech ML3000). Quantification was based on relative light
units (RLU) representing total luminescence integrated over

3 seconds (arbitrary units). Titres represent log dilution values
linearly extrapolated from the log RLU data to a cut-off value at
least two standard deviations above mean background.

Statistical analysis

MICROSOFT EXCEL statistical tools software was used to perform
Student’s -test to determine statistically significant differences
between the means of the groups.

RESULTS

Enhanced mucosal and systemic humoral responses
through oral priming and intramuscular boosting
immunizations

To address whether systemic, mucosal, or combinations of
mucosal and systemic immunizations result in enhanced immu-
nity, we compared i.m. alone versus oral alone versus i.m.
followed by oral (i.m./oral) versus oral followed by im.
(oral/i.m.) immunizations. We found several-fold higher anti-
NAP and anti-CagA serum titres in the oral/i.m. group com-
pared to the other groups (Fig. 1a).

Next, to investigate local responses we determined the
number of anti-CagA- and anti-NAP-secreting cells in local
and systemic lymphoid tissues. As shown in Fig. 1(b), only oral/
i.m. immunizations induced local anti-CagA humoral responses
in the mucosal effector site of the stomach as well as in the local
inductive site of the mesenteric lymph node. Moreover, strong
systemic responses were detected in spleen. In contrast, i.m.
immunizations alone did not induce local antibody-secreting
cell responses in the stomach although strong systemic res-
ponses were detected in the spleen. Oral immunizations alone or
i.m./oral immunizations did not induce any detectable antibody-
secreting cell responses at any site. We found similar anti-NAP
results, although in the i.m. group we did not detect any anti-
NAP antibody-secreting cells (Fig. 1c). The numbers of total
unspecific antibody-secreting cells remained similar in the
stomach, MLN, or SP after each immunization (data not shown).

As an additional measure for mucosal immunity, we deter-
mined NAP-specific IgA responses in faecal extracts. We found
that NAP-specific IgA titres in faecal extracts were highest in
the oral/i.m. group, followed by the oral alone group (Fig. 1d).
As expected, i.m. immunization alone did not induce specific
IgA responses in faecal extracts. Anti-CagA IgA titres in faecal
extracts were negligible in all groups tested (data not shown).
These data further substantiate the enhancement of the local and
mucosal responses by the oral/i.m. immunization regimen.

Collectively, these data show that when i.m. alone versus
oral alone versus i.m./oral versus oral/i.m. immunizations with
H. pylori CagA and NAP are compared, the oral/i.m. regimen
induced the most potent antigen-specific mucosal and systemic
humoral responses.

T-cell responses following oral priming and
intramuscular boosting immunizations

To determine whether a Th1- or Th2-type response was induced
by the combinational prime-boost versus single-route immuni-
zation, we performed the ELISPOT assay on splenocytes. We
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Figure 1. Enhanced systemic and mucosal humoral responses following oral priming and systemic boosting immunizations. Mice
were immunized five times intramuscularly (i.m.) with NAP and CagA purified proteins in MF59 adjuvant or five times orally with a
mixture of NAP and CagA purified proteins and LTR72 adjuvant, or three times orally followed by twice i.m., or twice i.m. followed by
three times orally. Sera and faecal pellets were collected 6 days after the final immunization. All immunizations were performed at 2-
week intervals. Single-cell suspensions were prepared from stomach, spleen and mesenteric lymph nodes (MLN) 7 days after the final
immunization for the ELISPOT assay. (a) Serum IgG titres; the results are shown as mean anti-NAP and anti-CagA serum titres from 10
mice as measured by a standard colorimetric ELISA. (b) Anti-NAP and (c) anti-CagA antibody-secreting cells (ASC). The results are
shown as the mean number of anti-NAP or anti-CagA ASC from pools of 10 mice + SD of a minimum of four ELISPOT wells per
group per tissue. (d) Anti-NAP IgA titres in faecal extracts. The results are shown as mean anti-NAP faecal IgA titres from 10 mice as
measured by a chemiluminescence ELISA. The results are representative of three independent experiments with similar results.

found CagA/NAP-specific IL-4-secreting cells in splenocytes
isolated from mice following the oral/i.m. regimen as well as
following the i.m. alone regimen (Fig. 2). In contrast, no CagA/
NAP-specific IFN-y-secreting cells were detected following
either regimen. Of note, no IL-4- or IFN-vy-secreting cells were
detectable in mesenteric lymph nodes or stomach. Thus, oral/
i.m. or i.m. alone immunizations with CagA or NAP selectively
induced a Th2-type cytokine response.

Induction of enhanced antibody responses to H. pylori
antigens by i.n. followed by i.m. immunizations

Intransal immunizations generally induce better systemic
immune responses and require far less antigen for vaccination
compared to oral immunizations and have been shown to induce
protection against H. pylori challenge. Therefore, we next
investigated whether we could replace oral with i.n. immuniza-
tions. We found that three i.n. priming immunizations followed
by two i.m. boosts (i.n./i.m.) significantly enhanced the serum
anti-NAP and anti-CagA antibody titres several-fold compared
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to two i.m. primings followed by three i.n. boosts (i.m./i.n.), five
i.n. alone, or five i.m. alone immunizations (P < 0-0008)
(Fig. 3a). The anti-NAP serum antibody responses were gen-
erally higher, indicating that this antigen, compared to CagA,
was more immunogenic for induction of serum antibody
responses. These results show that the i.n. route of mucosal
priming followed by the i.m. route of parenteral boosting
induced enhanced anti-NAP and anti-CagA serum antibody
responses compared to i.m./i.n., i.n. alone, or i.m. alone immu-
nizations. Of note, we performed a study to determine how
many in. and i.m. immunizations were required to induce
optimal serum antibody responses. We found that two i.n.
and two i.m. immunizations, as opposed to one i.n. and two
im. or two i.n. and one i.m. immunizations, were required to
induce optimal serum titres (data not shown).

As an indicator of the mucosal antibody responses we
measured anti-NAP responses in faecal extracts. We found
that i.m. immunizations alone induced very low anti-NAP
IgA responses in faecal extracts (Fig. 3b). In contrast,
i.n./i.m. ori.m./i.n., as well as i.n. alone, immunizations induced
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Figure 2. Induction of Th2-type cytokine-secreting cells following oral
and/or intramuscular immunizations with CagA and NAP. Mice were
immunized with five intramuscular (i.m.) immunizations with NAP and
CagA purified proteins in MF59 adjuvant or primed with three oral
immunizations with a mixture of NAP and CagA purified proteins and
LTR72 adjuvant and boosted i.m. with NAP and CagA purified proteins
in MF59 adjuvant. All immunizations were performed at 2-week
intervals. The mice were killed 7 days after the final immunization
in each group. The number of IL4-secreting cells and IFNvy-secreting
cells specific for a mixture of CagA and NAP was measured by the
ELISPOT assay as described in the Materials and methods section. The
results are shown as the mean number of cytokine-secreting cells from
pools of 10 mice per group + SD of a minimum of four ELISPOT wells
per group. The results are representative of three independent experi-
ments with similar results.

significantly higher anti-NAP and anti-CagA IgA titres in
faecal extracts compared to the i.m. alone group. Taken
together with the serum responses, the i.n./i.m. regimen induced
strongly enhanced combined systemic and mucosal antibody
responses compared to i.m./i.n., i.m. alone, or i.n. alone immu-
nizations.

T-cell responses following i.n., i.m. and combinations
of i.n. and i.m. immunizations

We next determined T-cell responses in mice following i.n.
alone, i.m. alone and i.n. prime/i.m. boost immunizations. We
found that in splenocytes isolated from mice following the
prime/boost regimen significant numbers of CagA/NAP-speci-
fic IL-4-secreting cells were induced (Fig. 4a). In contrast, few
or no CagA/NAP-specific IFN-y-secreting cells were detected
following the prime/boost regimen. Of note, no NAP/CagA-
specific cytokine-secreting cells (IL-4 or IFN-y) were detect-
able in the stomach mucosa, mesenteric lymph nodes, or Peyer’s
patches of any of the groups (data not shown). Importantly, there
was no significant difference in the magnitude of Th2 or Thl
responses between the i.n.-only, i.m.-only, or i.n./i.m. groups.

To substantiate further the predominant Th2-type responses,
we next determined anti-NAP IgGl and IgG2a titres in the
various groups. We found predominantly IgG1 and several-fold
lower IgG2a serum titres in all the groups (Fig. 4b).

Collectively, these data indicate that immunizations with
CagA and NAP through mucosal, parenteral, or combinations of
mucosal and parenteral immunization routes selectively induce
Th2-type cytokines.
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Figure 3. Enhanced humoral responses following intranasal (i.n.)
priming and systemic boosting immunizations. Mice were immunized
with five intramuscular (i.m.) immunizations with NAP and CagA
purified proteins in MF59 adjuvant (NCMF59) or five i.n. immuniza-
tions with a mixture of NAP and CagA purified proteins and LTK63
adjuvant (NCLTK63), or primed i.m. with NCMF59 and boosted i.n.
with NCLTK®63, or primed i.n. with NCLTK63 and boosted i.m. with
NCMF59. All immunizations were performed at 2-week intervals. Sera
and faecal pellets were collected 6 days after the final immunization. (a)
Mean anti-NAP (solid bars) or anti-CagA (shaded bars) serum end-point
ELISA titres + SD of 10 mice per group. The results are representative
of three independent experiments with 10 mice in each group with
similar results. (b) Mean anti-NAP or anti-CagA faecal IgA titres from
two subgroups of 10 mice each per group as measured by a chemilu-
minescence ELISA. The data are representative of two independent
experiments with similar results.

Mucosal and systemic memory-type responses can be
recalled through a single i.n. recall immunization

The hallmark of vaccination is to induce immunological mem-
ory, defined by the ability to respond with higher numbers of
antigen-specific cells with the ability to mount a response faster
upon re-encounter with specific antigens. As we had established
an immunization strategy that could significantly enhance local
and systemic immunity against H. pylori antigens through
mucosal prime/systemic boosting, we sought to determine
whether such responses could be recalled months later and
whether the re-boost needs to be through the mucosal or the
systemic route. To this end, we immunized mice by three i.n.
and two i.m. immunizations, rested them for 4 months and then
re-boosted them either i.n. or i.m. We found that anti-NAP and
anti-CagA systemic IgG responses in serum were comparable,
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Figure 4. Induction of Th2-type cytokine-secreting cells following
intranasal (i.n.) and/or intramuscular (i.m.) immunizations with CagA
and NAP. Mice were immunized with five i.m. immunizations with NAP
and CagA purified proteins in MF59 adjuvant (NCMF59) or five i.n.
immunizations with a mixture of NAP and CagA purified proteins and
LTK63 adjuvant (NCLTK63), or primed i.n. with NCLTK63 and
boosted i.m. with NCMF59. All immunizations were performed at 2-
week intervals. The mice were killed 7 days after the final immunization
in each group. (a) The number of IL-4-secreting cells and IFN-y-
secreting cells specific for a mixture of CagA and NAP was measured
by ELISPOT as described in the Materials and methods section. The
results are shown as the mean number of IL-4-secreting cells from pools
of 10 mice per group + SD of a minimum of four ELISPOT wells per
group. The results are representative of three independent experiments
with similar results. (b) Mean anti-NAP IgG1 (solid bars) or IgG2a
(shaded bars) serum end-point ELISA titres 4+ SD of 10 mice per group.
The results are representative of three independent experiments with 10
mice in each group with similar results

regardless of whether the mice were re-boosted i.n. or i.m.
(Fig. 5a). However, anti-CagA serum responses were enhanced
following i.m. re-boost compared to i.n. re-boost (Fig. 5a). As
an additional measure of systemic immunity we found that
splenic antibody-secreting cell responses were similar to serum
IgG titres in that anti-NAP splenic antibody-secreting cells were
similar following i.n. or i.m. re-boost (Fig. 5b). However, anti-
CagA splenic antibody-secreting cells were enhanced several-
fold following i.m. re-boost (Fig. 5b), although this difference
did not reach statistical significance by a Student’s z-test. Of
note, local humoral responses in mesenteric lymph nodes were
low and similar in both groups (Fig. 5b).

To determine which route of recall immunization resulted
in induction of mucosal responses we measured faecal IgA
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Figure 5. Mucosal and systemic memory-type responses following
nasal priming and systemic boosting can be recalled by intranasal re-
boost. Mice were primed intranasally (i.n.) with a mixture of NAP and
CagA purified proteins and LTK63 adjuvant (NCLTK63) and boosted
intramuscularly (i.m.) with a mixture of NAP and CagA purified
proteins in MF59 adjuvant (NCMF59) and rested for 4 months before
given either an i.n. or i.m. re-boost with NCLTK63 or NCMF59,
respectively. All immunizations were performed at 2-week intervals.
Serum and faecal pellets were collected 6 days after the final immu-
nization in each group. Cells were prepared from mice killed 7 days
after the final immunization for the ELISPOT assay. (a) Serum IgG
titres. The results are shown as mean anti-NAP and anti-CagA serum
titres from 10 mice as measured by a standard colorimetric ELISA. (b)
Anti-NAP and anti-CagA antibody-secreting cells (ASC) in spleen (SP)
and mesenteric lymph nodes (MLN) as measured by the ELISPOT assay.
The ASC data are means of pools of two subgroups of five mice (total of
10 mice per group) + SD of the two pools of five mice per subgroup.
The results are representative of two independent experiments with 10
mice in each group with similar results. (c) Mean anti-NAP IgA end-
point titres in pools of faecal extracts from 10 mice + SD of five mice
per subgroup as measured by a chemiluminescence ELISA. The results
are representative of two independent experiments with similar results.
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following i.n. or i.m. re-boost. We found that anti-NAP mucosal
IgA responses in faecal pellets were only recalled if the mice
were re-boosted i.n. (Fig. 5¢). Only negligible anti-CagA faecal
IgA responses were detectable in mice re-boosted i.n. or i.m.
Taken together, these data show that following mucosal prime/
systemic boost immunizations, the mucosal (i.n.) route of
immunization is the preferred route of immunization for induc-
tion of recall humoral responses in both the mucosal and the
systemic compartments.

DISCUSSION

In this study we show that mucosal followed by parenteral
immunization induces enhanced mucosal as well as systemic
antibody responses. The mucosal/parenteral immunization strat-
egy was superior to mucosal alone, parenteral alone or parenteral/
mucosal routes of immunizations for the induction of systemic
and mucosal antibody responses. We show this using two
different mucosal routes, i.e. oral and i.n. Relatively few studies
have investigated the parenteral followed by mucosal**= or
mucosal followed by parenteral routes of immunization.3>36*!
Most of these studies used vaccinia virus or DNA for priming or
boosting of animals immunized with protein, thus making
comparisons with our study difficult. Interestingly, using hepa-
titis B surface antigen as a model protein it was found that
although mucosal followed by parenteral or parenteral followed
by mucosal immunizations induced higher serum antibody titres
than mucosal or parenteral immunizations alone, there was no
significant difference between priming mucosally or parenter-
ally.*> However, we and others®® found that parenteral followed
by mucosal was inferior to mucosal followed by parenteral
routes of immunization for induction of immunity. These
differences may be explained in terms of the differences
between the immunogenicity of the various immunogens and
adjuvants used in these studies.

Induction of mucosal responses through mucosal immuniza-
tions requires mucosal adjuvants or delivery systems. Mucosal
adjuvants should ideally be non-toxic with the potential for
application in human vaccines. The non-toxic mutant of the
heat-labile toxin of E. coli used in this study has been success-
fully used as a mucosal adjuvant in several studies.*>™*’ There is
evidence that for oral immunizations the adjuvant used should
possess some ADP-ribosyltransferase activity, while for i.n.
immunizations this may not be the case.*> Therefore, we chose
LTR72, with reduced ADP-ribosyltransferase activity, for oral
immunizations and LTK63, with no detectable ADP-ribosyl-
transferase activity, for i.n. immunizations.

Another important method of potentiation of immune
responses through mucosal immunizations is through encapsu-
lation of antigens in microparticles. In an effort to enhance the
immune responses even further we encapsulated the NAP and
CagA antigens in polylactide-co-glycotide(PLG) and found an
enhancement of systemic and mucosal immune responses
compared to soluble or alum-precipitated antigens, although
the difference was not statistically significant (data not shown).
The mechanism of enhancement of immune responses follow-
ing encapsulation of antigens is not known but may be the result
of protection against degradation in mucosal lumen and slow
release of antigens over time.*®

Presence of systemic and/or local H. pylori-specific antibody
production has in some studies shown correlation with protec-
tion.®'> We demonstrated that serum anti-NAP and anti-CagA
responses are significantly enhanced following mucosal/parent-
eral immunizations compared to mucosal alone, parenteral
alone, or parenteral/mucosal immunizations. Of note, splenic
antibody-secreting cell responses were similar in mucosal/par-
enteral and parenteral/mucosal groups and both of these groups
demonstrated significantly enhanced specific splenic antibody-
secreting cells compared to mucosal alone or parenteral alone
immunizations. These data underline the difference between
these two systemic compartments as the serum antibodies,
except from spleen, may be derived from several different
compartments, including bone marrow.

A role of local IgA secretion has been suggested in protec-
tion against H. pylori in mice® although other studies have
shown protection from H. pylori challenge in the absence of
local antibody or IgA."*° Our data show that the mucosal route
of immunization, either alone or in combination with a par-
enteral route of immunization, selectively increased faecal IgA
responses, whereas parenteral immunizations failed to induce
faecal IgA responses. These data underlie the importance of
mucosal immunization for the induction of mucosal responses
and argue against a role of serum-derived antibodies in the
faecal IgA responses.

There is increasing evidence that protection against H. pylori
is mediated by CD4 " T cells.'”?° It appears that infection with
H. pylori results in enhanced IFN-y, and thus Thl-type,
responses.” > These and other studies®*>° suggest that induc-
tion of a Th2-type response may reverse the course of infection
and/or pathogenicity of H. pylori In this study, we found that our
antigens, NAP and CagA, given through any routes or combina-
tion of routes induced a Th2-type response and thus may be able
to counteract the Th1-type response induced during subsequent
infection.

The goal of vaccination is to induce long-term protection
against infection with pathogens. Although in most H. pylori
vaccine studies the animals have been challenged in the acute
phase of the immune response, a few studies have found long-
term protection in mice after oral immunizations.**>* In virus-
related protection studies it has been demonstrated that local or
mucosal immunization best affords protection a short>! or a
long time after priming immunizations.>® Our data show that
following establishment of immunity through mucosal/parent-
eral immunizations, only the mucosal route of re-boosting can
induce both systemic and mucosal immune responses. In this
regard, mucosal immunizations are also desired because they
can be performed without the use of needles, thus eliminating
the potential for transmission of various diseases through the re-
use of contaminated needles.
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