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Patients infected with Helicobacter pylori mount an immune response which fails to clear the infection and
may contribute to disease. Mice can be protected by immunization. To further characterize the H. pylori-mouse
model, stomachs of unimmunized or intranasally immunized C57BL/6 mice were quantitatively cultured 3 days
and 1, 2, 4, 8, 16, 32, and 52 weeks after challenge with H. pylori. At 3 days and 1 week after challenge,
colonization was the same in the immunized and unimmunized mice. By 2 weeks after challenge, the immu-
nized mice had a >2-log decrease in bacterial load, and at all later time points, they either were culture
negative or had at least a 2-log decrease in bacterial load. Gastritis in the immunized mice peaked at 1 to 2
weeks after challenge and was characterized by a mixed inflammatory infiltrate and epithelial proliferation
centered at the transition between corpus and antrum. By 52 weeks postchallenge, the gastric histology in the
immunized mice was not different from that in control unchallenged mice. The unimmunized group began to
show a reduction in bacterial load as early as 16 weeks after challenge, and by 52 weeks seven of eight
unimmunized mice had developed gastritis and reduced bacterial loads. These results indicate that prophy-
lactic immunization does not prevent colonization by H. pylori but enables mice to clear the infection or
significantly reduce the number of colonizing bacteria. The reduction in bacterial load is associated with
gastric inflammation that subsides over time.

Following the initial association of curved bacteria with gas-
tritis in the early 1980s, Helicobacter pylori has become recog-
nized as an important human pathogen which can cause gas-
tritis and peptic ulcers (44). Eradication of H. pylori reduces
ulcer recurrence and accelerates ulcer healing (18, 24, 42).
Epidemiologic association of H. pylori infection and gastric
cancer has resulted in H. pylori being classified as a type 1-like
carcinogen (5, 9, 46). Infection prevalence is estimated to
range from 35% in developed countries to 80 or 90% in de-
veloping regions. Although most infected individuals do not
develop peptic ulcers, all have histologic gastritis, which may
increase the risk of cancer (4). Since antimicrobial eradication
of H. pylori infection is not feasible for large numbers of peo-
ple, vaccination may decrease ulcer disease and reduce the
incidence of gastric cancer.

Several H. pylori vaccines for humans have been evaluated
for safety and immunogenicity (1, 8, 22, 23), but only two have
been tested with infected patients (22, 30). Neither vaccine
eradicated H. pylori. Although there was a decrease in coloni-
zation (CFU/biopsy) in some patients 1 month after vaccina-
tion in the study by Michetti et al., gastritis was not decreased,
and diarrhea, a side effect attributed to the adjuvant, occurred
in 16 of the 24 volunteers (30).

The natural immune response in chronically infected people
includes both humoral and local cell-mediated responses,

which fail to eliminate the infection and may contribute to
disease (2, 7).

The mouse model allows experimentation to determine
mechanisms of protection and may provide insights toward the
development of an effective vaccine. Mice can be protected by
immunization with a variety of H. pylori antigens, adjuvants,
and immunization routes (6, 14, 20, 25, 28, 32, 35, 41). Gastric
inflammation in mice is mild relative to that in human patients
but appears to increase over time (16, 26, 36, 37). The amount
of inflammation depends on the mouse strain and may depend
on the H. pylori strain (36, 39, 43). The gastritis observed in
immunized mice after challenge can be more severe than the
gastritis induced by H. pylori in unimmunized mice (17).

The kinetics of infection and protection in mice have not
been clearly established. Most published reports on immuni-
zation have measured protection at 2 to 4 weeks following
challenge. Some evidence in the Helicobacter felis model sug-
gests that immunized mice do become infected before clearing
their infection (29, 34). Unimmunized Swiss mice were colo-
nized by H. pylori SS1 by day 3 postinfection, and the level of
colonization remained relatively stable through 16 weeks
postinfection in spite of increasing levels of anti-H. pylori an-
tibodies in the gastric contents (15).

Our study was designed to determine the kinetics of coloni-
zation in immunized and unimmunized mice and examine the
associated gastritis. Specifically, we investigated whether pro-
phylactic immunization prevents colonization by H. pylori or
promotes clearance of the bacteria, how long protection and
gastritis persist, whether colonization remains constant in un-
immunized mice, and whether gastritis develops in unimmu-
nized mice.
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MATERIALS AND METHODS

Mice. Specific-pathogen-free 4- to 6-week-old female C57BL/6 mice were
purchased from a Helicobacter-free barrier colony at Harlan (Indianapolis, Ind.),
housed in autoclaved static microisolator cages and provided with autoclaved
water and sterile Teclad chow ad libitum. All procedures involving mice were
approved by the Institutional Animal Care and Use Committee of Case Western
Reserve University.

Bacteria and bacterial products. H. pylori Sydney Strain (SS1) which had been
passaged through a BALB/c mouse was donated by Steven Danon of Ohio State
University, Columbus (26). H. pylori was routinely grown on blood agar plates
prepared from Columbia agar base (Becton Dickinson, Cockeysville, Md.) con-
taining 7% (vol/vol) defibrinated horse blood (Cleveland Scientific, Columbus,
Ohio) and 2.5 �g of amphotericin B (Sigma, St. Louis, Mo.)/ml and incubated in
anaerobic jars (Becton Dickinson) at 37°C in a microaerobic, high-CO2 atmo-
sphere generated by CampyPakPlus packs (Becton Dickinson). When H. pylori
was isolated from gastric homogenate, the plates also contained 200 �g of
bacitracin (Sigma)/ml, 6 �g of vancomycin (Sigma)/ml, 16 �g of cefsulodin
(Sigma)/ml, and 20 �g of trimethoprim (Sigma)/ml to inhibit growth of gastric
flora.

The antigen used for immunization was a 5,000 � g supernatant of a sonicate
of SS1 prepared from 3- to 6-day cultures on blood agar plates. The supernatant
was filtered through a 0.45-�m-pore-size filter, and its protein concentration was
determined by a Lowry assay. The antigen was stored at �80°C.

For challenge, H. pylori SS1 was plated from stock stored at �80°C. Growth
harvested after 4 days was transferred to T75 flasks containing brucella broth
(Difco, Sparks, Md.), 10.5% fetal bovine serum (Gibco BRL, Frederick, Md.), 3
�g of amphotericin B per ml, 7.5 �g of vancomycin per ml, 20 �g of cefsulodin
per ml, and 25 �g of trimethoprim per ml and incubated statically at 37°C in an
incubator with a high-CO2 (�12 to 15%) atmosphere for 24 h. The culture was
passaged at least once but not more than five times in liquid media. Growth
curves have shown that under these conditions an increase in the absorbance at
450 nm of 0.09 to 0.1 above that of uninoculated liquid media gives the highest
viable count (2 � 107 to 7 � 107 CFU/ml) in the log growth phase.

A killed whole-cell antigen for enzyme-linked immunosorbent assay (ELISA)
was prepared by addition of thimerosal (Sigma) at 0.01% (wt/vol) to liquid
cultures. Incubation at 37°C was continued for 7 h, and cultures were harvested
by centrifugation at 5,000 � g for 20 min. Pellets were washed three times in

phosphate-buffered saline (PBS) (Sigma) containing 0.01% thimerosal. The
washed antigen was resuspended in PBS and stored at �80°C. Culture confirmed
that the preparation was nonviable. Protein concentration was determined by a
Lowry assay.

Experimental design. Mice were divided into four treatment groups: unimmu-
nized and not challenged (U/NC), immunized and not challenged (I/NC), im-
munized and challenged (I/C), and unimmunized and challenged (U/C) (Table
1). The I/NC and I/C groups were immunized intranasally four times with weekly
doses of 100 �g of H. pylori SS1 sonicate mixed with 5 �g of cholera toxin (List,
Campbell, Calif.) administered in a total volume of 20 �l applied in 5-�l aliquots
to the external nares of unanesthetized mice. Two weeks after the final immu-
nization, the I/C and U/C groups received 0.5 ml of H. pylori liquid culture
containing 2 � 107 CFU by gavage. The dose of the inoculum was confirmed by
quantitative culture. The U/NC and I/NC groups received sterile culture media.
Mice from each treatment group were sacrificed at 3 days and 1, 2, 4, 8, 16, 32,
and 52 weeks after challenge. At least six mice from each treatment group were
harvested at each time point (Table 1). Mice were killed by exposure to CO2, and
blood was collected by cardiac puncture. A longitudinal strip of glandular stom-
ach approximately 3 to 5 mm wide was cut aseptically from the greater curvature
of the stomach and fixed in buffered 10% formalin for histology. The remaining
stomach was removed and divided longitudinally along the lesser curvature. The
squamous portion was discarded, and one piece of glandular stomach was ho-
mogenized to assess colonization, while the other piece was frozen in liquid
nitrogen.

Quantitative culture. Stomachs were homogenized in 200 �l of brucella broth
containing 10.5% fetal bovine serum by using 1.5-ml disposable polypropylene
tissue grinders and pestles (Kontes, Vineland, N.J.). Homogenate (100 �l) was
diluted serially 1/10 in Dulbecco’s PBS (Gibco BRL) from 1/10 to 1/1,000, and 10
�l of each dilution was plated. The undiluted homogenate was plated in tripli-
cate. Colonies were counted after 5 or 6 days of incubation. Representative
colonies were subcloned, gram stained, and tested for urease, oxidase, and
catalase activity to confirm their identification. Bacterial load is expressed as log
CFU/gram of stomach tissue. Mice that were culture negative were assigned a
value of 1 CFU/g in order to calculate the log CFU/gram and geometric means.

Histologic evaluation. The formalin-fixed longitudinal strips of stomach were
processed, embedded in paraffin, sectioned at 5 �m, and stained with hematox-
ylin and eosin. All slides were coded and graded by the same pathologist (C.G.)
in a random order in four batches. Graded slides from all time points were then
sorted according to score and reviewed to ensure consistency of lesions with the
same score. Gastric inflammation was graded on a new 0 to 5 scale instead of the
0 to 10 scale previously reported for H. felis-induced gastritis (31) in order to
emphasize the qualitative and quantitative differences in H. pylori-induced gas-
tritis. The worst 10� field was graded, and its location (cardia, body, transition
zone, or antrum) was recorded. The scores were as follows: 0, no significant
lesions; 0.5, a slight abnormality such as a small focus of inflammatory infiltrate
or extensive mucous metaplasia without inflammation; 1, a mild infiltrate of
inflammatory cells usually along the base of the glands; 1.5, a mild infiltrate plus
slight epithelial hyperplasia or extensive mucous cell metaplasia; 2, a larger focus
of inflammation extending between glands and/or in submucosa; 2.5, inflamma-
tory cells between glands and in the submucosa with mucous cell metaplasia
and/or mild epithelial cell hyperplasia; 3, a patch of inflammation extending
between glands toward the lumen and in the underlying submucosa often ac-
companied by moderate mucous cell metaplasia and mild to moderate epithelial
hyperplasia; 3.5, more intense inflammation than 3.0 with marked epithelial
hyperplasia; 4, an area of intense transmucosal inflammatory infiltrate which
extends across the 10� field and obscures the normal architecture of the glands,
usually accompanied by marked epithelial hyperplasia and extensive mucous cell

TABLE 1. Experimental design and number of mice per group

Groupa Immuni-
zationb Challengec

No. of mice sacrificed at
postchallenge week:

0.4 1 2 4 8 16 32 52

U/NC No Media 6 6 6 6 6 6 6 7
I/NC Yes Media 6 6 6 6 6 6 6 7
I/C Yes H. pylori 6 6 6 6 7 6 6 10
U/C No H. pylori 6 6d 6 6 6 6 6 8

a Mice were divided into four experimental groups: U, unimmunized; I, im-
munized; C, challenged; and NC, not challenged.

b One hundred micrograms of sonicate and 5 �g of cholera toxin were admin-
istered intranasally once per week, four times.

c Culture media (0.5 ml) alone or containing 2 � 107 CFU of H. pylori was
administered once by gavage.

d There are only five quantitative culture results for this group. The sixth
animal was culture positive, but quantitation was inaccurate due to spillage.

TABLE 2. Dose independence of gastric colonization of C57BL/6 mice by H. pylori SS1 following inoculation of low-in
vitro-passaged bacteria

Tissuea

Gastric colonization (log CFU/gram of tissue)b 4 weeks after intragastric inoculation with liquid culture containing the indicated
dose(s) (CFU) of H. pylori SS1

3 � 103 3 � 104 3 � 105 3 � 106 3 � 107 107 (twice)c

Body and antrum 6.3 � 0.3 6.0 � 0.2 6.5 � 0.4 6.1 � 0.2 6.1 � 0.3 6.3 � 0.4
Antrum only 6.0 � 0.3 6.4 � 0.6 4.5 � 3.5 4.9 � 2.4 6.2 � 0.3 5.9 � 1.4

a The opened stomach was divided in half longitudinally along the lesser curvature. One side including body and antrum was quantitatively cultured; from the opposite
side, the body was removed before culture.

b Geometric mean � SD for six mice per group.
c The first dose was 3 � 107; 2 days later a second dose of 2 � 107 CFU was administered. All doses were confirmed by quantitative culture of the inoculum.
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metaplasia; 4.5, severe inflammation with focal ulceration of the mucosa; 5,
extensive mucosal and submucosal inflammation with disruption of glandular
architecture and ulceration.

ELISA. Levels of serum immunoglobulin G (IgG) reactive to whole-cell killed
H. pylori SS1 were measured by endpoint titer determination. Ninety-six well
Maxisorp plates (Nalge NUNC International, Roskilde, Denmark) were coated
overnight at 4°C with 0.5 �g of antigen/well in 0.05 M carbonate-bicarbonate
buffer, pH 9.6. Plates were emptied, blocked for at least 2 h at room temperature
with PBS (Gibco BRL) containing 1% bovine serum albumin (BSA) (USB,
Cleveland, Ohio), and washed three times with PBS containing 0.1% BSA. Sera
including positive and negative controls were diluted in PBS with 1% BSA
serially from 10�1 to 10�4.5 in 0.5-log steps. Diluted serum, 50 �l/well, was
incubated at room temperature for 90 min, and plates were washed three times.
IgG was detected by incubation for 60 min with alkaline phosphatase-conjugated
goat anti-mouse IgG (Southern Biotechnology, Birmingham, Ala.) diluted
1/1,500 in PBS containing 1% BSA; plates were washed five times. After the
addition of substrate (1 mg of p-nitrophenyl phosphate [Sigma] per ml in a 50
mM glycine–1 mM MgCl2 buffer [pH 9.6]), plates were incubated at room
temperature for 60 min and read at 405 nm with a Vmax microplate reader
(Molecular Devices, Sunnyvale, Calif.). Endpoint titers were determined by a
SOFTmaxPro version 3.1 (Molecular Devices) protocol which uses a four-pa-
rameter curve fit and calculates the dilution of the sample which would equal the
threshold absorbance. The threshold was 3 standard deviations above the mean
absorbance of eight mice that were known to be H. pylori negative.

Statistics. All experimental groups (the four treatment groups at eight time
points) were compared by analysis of variance and Fisher’s protected least-
significant difference post hoc testing using StatView 4.5 (Abacus Concepts,
Berkeley, Calif.). A P value of �0.05 was considered statistically significant.

RESULTS

Colonization of mice with H. pylori. Study of the long-term
effects of H. pylori required a reliable method of colonizing the
mice with the bacterium. The literature contains numerous
protocols for infecting mice with gastric Helicobacter sp. Many
investigators inoculate mice two or more times with high doses
of H. pylori. Others report good colonization with a single
administration of broth culture (19). We have consistently
achieved colonization with one inoculation of H. pylori. In a
preliminary experiment comparing five doses of H. pylori and
two sampling techniques for each stomach, 100% of the mice
became colonized, and the inoculation dose had no effect on
colonization level (Table 2). Five groups of C57BL/6 female
mice (six per group) were inoculated by gavage with H. pylori
SS1 doses ranging from 3 � 103 to 3 � 107 CFU/mouse. A sixth
group received 3.0 � 107 CFU of H. pylori on day 0 and 2 � 107

CFU on day 2. The cultures used for this dose response had
been passaged in vitro two and three times from frozen stock.
Doses were confirmed by quantitative culture of the inoculum.
Four weeks after inoculation, colonization was determined by
quantitative culture of two samples from the glandular stom-
ach of each mouse. One sample included both body and an-

FIG. 1. Bacterial colonization in immunized (E) and unimmunized (‚) C57BL/6 mice 3 days to 52 weeks after H. pylori inoculation. �,
geometric mean � standard error of the mean. The threshold for protection (- - - -) is defined as a 2-log decrease from the mean of the
unimmunized mice from 3 days to 8 weeks. At 2 weeks and later, colonization of immunized mice is significantly less than that of unimmunized
mice of the same time point. �, P � 0.0001. At 52 weeks, colonization of unimmunized mice is significantly less than that of unimmunized mice
at 3 days to 8 weeks.†, P � 0.02.
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trum; the other comprised antrum only. Mice inoculated once
with H. pylori had uniformly high levels of colonization de-
tected in the samples containing body plus antrum. The second
inoculation did not increase colonization levels. In the samples
of antrum only, colonization was variable. Three antral cul-
tures had no growth despite high levels of H. pylori in the
corresponding body-plus-antrum samples. Thus, sampling the
body and antrum together improves the detection and quanti-
tation of H. pylori infection in mice. In a study in which colo-
nization was graded histologically, Sutton et al. also observed
that assessment of the body plus antrum gave higher levels of
colonization than antrum alone (40). The absence of a dose
response is consistent with Ferrero et al., who reported 100%
colonization of Swiss mice given �2,000 CFU of H. pylori SS1
(15). Based on these results, a single-dose challenge of 107

CFU was chosen for further experiments.
Kinetics of colonization in immunized and unimmunized

mice. At 3 days and 1 week after challenge there was no
difference in the colonization of immunized and unimmunized
mice (Fig. 1). By 2 weeks after challenge and at all later time
points, there was a significant decrease in the colonization of
the immunized mice compared to that of the unimmunized
mice at the same time point (P � 0.0001). When protection is
defined as a 2-log (99%) decrease in bacterial load from the
geometric mean of U/C groups from 3 days to 8 weeks, all
immunized mice at 2 weeks and later time points can be con-
sidered protected. There was considerable variation in the
responses of individual mice to immunization. From 4 weeks to
52 weeks, the majority of the immunized mice (26 of 35) were
culture negative, but at each time point except 16 weeks some
immunized mice remained colonized at reduced levels. Taken
together, these results indicate that prophylactic immunization
does not prevent colonization but enables immunized mice to
reduce or clear the bacteria.

From 3 days through 8 weeks, all U/C mice were heavily
colonized; the increase from 3 days to 8 weeks was not statis-
tically significant. At 16 weeks, one U/C mouse was culture
negative. The gastritis score (3.0) and positive �-H. pylori titer
(10�3.3) of this mouse indicated that its negative culture result
was due to clearance rather than failure to become colonized.
Three other U/C mice had reduced colonization at 16 weeks,
and the mean of the group was significantly lower than the
means of U/C mice at 2 to 8 weeks (P � 0.02). By 32 weeks, five
of six U/C mice had reduced bacterial loads, and in four of
these the reduction was 	2 log from the U/C at 3 days to 8
weeks. Seven of the eight mice harvested at 52 weeks after
challenge had reduced colonization (five with 	2 log), and the
group mean was significantly lower than each of the U/C
groups from 3 days to 8 weeks (P � 0.02). Thus, given enough
time after challenge, unimmunized mice began to reduce their
bacterial loads, although much less efficiently than immunized
mice. Again, there was wide variation among individuals, rang-
ing from the four mice that remained heavily colonized at 16 to
52 weeks to the one mouse which became culture negative at
16 weeks.

Gastritis. Gastric inflammation was graded as described in
Materials and Methods. The normal gastric mucosa of the
mouse contains more leukocytes than that of other species, and
often mild inflammation is seen in untreated mice. Therefore,
the negative control (U/NC) stomachs were coded and graded

with the other groups, and the mean scores of these mice were
	0. There was no significant difference between the gastritis
scores of the U/NC mice and the I/NC mice at any time point
(data not shown). This confirms that postimmunization gastri-
tis is due to challenge of immunized mice and not immuniza-
tion alone. Thus, the two unchallenged groups were combined
and compared to the I/C and U/C mice (Fig. 2).

Gastritis developed rapidly after challenge in immunized
mice. By 3 days after challenge, the mean score of I/C mice
(2.75 � 0.5 [standard error of the mean]) was significantly
higher than for the unchallenged mice (0.42 � 0.15) and the
U/C group (0.75 � 0.33; P � 0.0001). At 1 and 2 weeks after
challenge, the gastritis of the I/C mice was significantly higher
than in unchallenged mice at all time points and U/C mice
from 3 days to 16 weeks (P � 0.0001). The decrease in gastritis
in I/C mice at 16 to 52 weeks compared to the peak at 1 and 2
weeks was also significant (P � 0.0001). By 52 weeks, there was
no difference in gastric inflammation between the I/C mice and
the unchallenged mice, indicating that postchallenge gastritis
in immunized mice resolves with time.

Gastritis increased slowly in U/C mice (Fig. 2). By 16 weeks
after challenge, mean gastritis in U/C mice (1.83 � 0.38) was
greater than in unchallenged mice (0.79 � 0.35, P 
 0.0077).
At 32 and 52 weeks after challenge, the U/C mice had gastritis
scores higher than those of both I/C and unchallenged mice (P
� 0.03 for 32 weeks, and P � 0.0001 for 52 weeks).

Representative photomicrographs of gastric histology from
I/C and U/C mice at 2, 4, and 52 weeks after challenge taken
at the same magnification demonstrate the increase in mucosal
thickness in mice with gastritis (Fig. 3). At 2 weeks, the I/C

FIG. 2. Changes in gastric lesions in immunized (E) and unimmu-
nized (Œ) C57BL/6 mice after inoculation with H. pylori compared to
uninoculated mice ({). Gastritis was graded on a scale of 0 to 5. Values
are means � standard errors of the means for groups of 6 to 10
inoculated mice and 12 to 14 uninoculated mice. At 1 and 2 weeks after
challenge, immunized mice have significantly greater gastritis than
unchallenged mice, unimmunized mice at 3 days to 16 weeks after
challenge, and immunized mice from 16 to 52 weeks. �, P � 0.0001. At
32 and 52 weeks after challenge, unimmunized mice have greater
gastritis than immunized mice at 16, 32, and 52 weeks after challenge.
†, P � 0.05; ††, P � 0.0005.
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mice typically had a mixed inflammatory infiltrate of neutro-
phils and large mononuclear cells in the lamina propria and
submucosa (Fig. 3A). In the lamina propria, the infiltrate sep-
arated and displaced the glands. Gland abscesses were com-
mon, as was loss of parietal cells, with replacement by mucus-
containing cells (mucous cell metaplasia). Gastric pits had
lengthened and were lined by less mature flattened epithelial
cells with basophilic cytoplasm; mitotic figures were frequent.
In the submucosa, edema often accompanied the cellular in-
filtrate. The worst lesion was usually located at the transition

zone between the body and antrum. The sections from U/C
mice at 2 weeks were unremarkable and not different from
those of unchallenged mice (Fig. 3D). At 4 weeks, three of the
U/C mice had scores of 2 or 3, and the lesions were located at
the cardia or in the body (Fig. 3E). Gastritis had decreased in
the I/C mice by 4 weeks, and only four mice had scores of 2 or
2.5 (Fig. 3B and 4A). Lesions remained at the transition zone,
and despite the decrease in inflammatory cell infiltrate, many
glands were lined almost entirely by mucus-containing cells
(Fig. 4A). At 52 weeks, I/C mice had scores of 0 to 1.0, similar

FIG. 3. Representative gastric histopathology in C57BL/6 mice following inoculation with H. pylori. (A and D) Two weeks following challenge,
immunized mice (A) have marked infiltration of the lamina propria and submucosa by a mixed population of inflammatory cells including
numerous neutrophils. Unimmunized mice (D) have at most very mild lesions. (B and E) By 4 weeks post challenge, gastritis is less severe in the
immunized mice (B), and some unimmunized mice (E) have developed gastritis. (C and F) By 52 weeks after challenge, most of the unimmunized
mice (F) have developed gastritis while the immunized mice (C) are no different from uninoculated mice. Staining was done with hemoxylin and
eosin. Bars, 50 �m.
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to those of unchallenged mice (Fig. 3C), but seven of eight U/C
mice had inflammatory infiltration and epithelial hyperplasia
resembling the lesions seen at early time points in I/C mice
(Fig. 3F and 4B). The location of the worst field in U/C mice
had shifted to the transition zone by 52 weeks.

Association of gastritis and bacterial load. The correlation
of gastritis and bacterial clearance is more apparent when
colonization is plotted against gastritis scores for individual
mice (Fig. 5). I/C mice showed a progression from high colo-
nization with high gastritis scores at 3 days and 1 week to
decreased bacterial load while gastritis score remained high at
2 weeks and to further decreases in both colonization and
gastritis at later time points. U/C mice were more variable in
their responses to H. pylori infection. Some remained heavily
colonized with low gastritis throughout the experiment. Others
had increased gastritis scores with high bacterial loads at the
time they were killed. At 52 weeks, seven of eight U/C mice
had reduced bacterial loads and gastritis scores of 3 or 3.5, a
pattern resembling that of the I/C mice at 2 weeks postchal-
lenge.

Serum antibody response. Although antibodies have been
shown to be unnecessary in protection from Helicobacter in-
fection (3, 13, 33), we used serum IgG titers to indicate a
systemic immune response to H. pylori in this experiment. A
significant increase in the titer was seen at 4 weeks in the U/C
mice compared to U/NC mice (Fig. 6). The titers in the U/C
mice increased at each time point until they were not signifi-
cantly different from those of I/NC mice at 52 weeks after
challenge. Titers in the immunized mice remained high
throughout the study regardless of whether they were chal-
lenged. The titers in the U/NC mice at 32 and 52 weeks are
most likely due to cross-reactivity to another gram-negative
motile bacterium. After the termination of the study, we
learned that there had been a breakdown in animal husbandry
and that mice had been exposed to a Bordetella sp. in improp-
erly autoclaved water. ELISA assays using plates coated with
Bordetella demonstrated that the U/NC mice had titers to Bor-
detella that were 10- to 100-fold higher than the titers to H.
pylori at 32 and 52 weeks. All unchallenged mice were culture
negative for H. pylori.

FIG. 4. Details of gastritis in an I/C mouse at 4 weeks (A) and a U/C mouse at 52 weeks (B) after challenge. The inflammatory infiltrate consists
of numerous neutrophils and large mononuclear cells. (A) Glands are lined by tall mucus-containing epithelial cells (clear cytoplasm) with only
a few parietal cells remaining. (B) Inflammatory cells have separated and infiltrated the glands. Staining was done with hemoxylin and eosin. Bars,
25 �m.
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DISCUSSION

This time course study has added to our knowledge of H.
pylori infection in the mouse in several important ways. First,
we have shown that prophylactic immunization does not pre-
vent infection in this model but enables immunized mice to
reduce the bacterial load significantly and often to eliminate
the infection. Transient infection of immunized mice had not
been reported previously probably because most H. pylori im-
munization studies have evaluated protection at a single time
point 3 or 4 weeks after challenge, a time at which the heavy
colonization that we observed at 3 days and 1 week would have
been missed. The use of quantitative culture in evaluating
colonization was also important. Some early H. pylori studies
based immunization success on finding culture-negative mice.
At 2 weeks, we observed that all the immunized mice were still
culture positive. Without quantitative culture which showed a
	2-log decrease in bacterial load, culture positivity could have

been interpreted as an immunization failure if this were the
only time point evaluated.

The model we have used involves a single large challenge
dose of H. pylori and does not mimic natural acquisition of
infection by humans. It is possible to speculate that coloniza-
tion might not occur in immunized mice if the challenge dose
were smaller. To our knowledge, this question has not been
addressed for H. pylori SS1. However, using a Type II (non-
motile, CagA-negative) strain of H. pylori, Kleanthous et al.
demonstrated a relatively stable 96 to 99% reduction in bac-
terial load in immunized mice 2 weeks after challenge with 105,
106, or 107 CFU (21). With lower challenge doses, their unim-
munized mice did not become colonized. Thus, in spite of
decreasing the challenge dose, they did not find a dose at which
the unimmunized mice became colonized while the immunized
mice did not.

The reduction of bacterial load is antigen specific in I/C

FIG. 5. Correlation of gastritis and bacterial load in individual immunized (E) and unimmunized (Œ) C57BL/6 mice at 3 days and 1, 2, 4, 16,
and 52 weeks after challenge with H. pylori. The horizontal dashed line indicates a 2-log decrease in bacterial load compared to unimmunized mice
from 3 days to 8 weeks after challenge. Immunized mice quickly develop significant gastritis (scores 	2.0). By 2 weeks, immunized mice have high
gastritis scores and 	2-log decrease in bacterial load. In unimmunized mice increased gastritis scores at 16 and 52 weeks are associated with a
decrease in bacterial colonization. �, †, and § indicate two, three, and five mice with the same bacterial load and gastritis scores, respectively.
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mice. Although not included in this kinetic study, immuniza-
tion with cholera toxin mixed with ovalbumin did not result in
a reduction of bacterial load 4 weeks after challenge with H.
pylori (C. A. Garhart, F. P. Heinzel, S. J. Czinn, and J. G.
Nedrud, unpublished data). Numerous early studies in the H.
felis model demonstrated that immunization with Helicobacter
antigens in the absence of an adjuvant or administration of
adjuvant alone failed to protect mice from infection (25, 27,
45).

A second finding of our study is that clearance or reduction
in colonization is associated with gastric inflammation. In fact,
the peak gastritis occurred before there was a reduction in
bacterial load. The speed with which gastritis developed and its
severity were surprising. Immunized mice had significant gas-
tritis 3 days after challenge. Preliminary experiments in our
laboratory and the report by Goto et al. had suggested that H.
pylori challenge could induce postimmunization gastritis al-
though the severity was less than that seen with H. felis (17). By
looking at earlier time points, we have found that H. pylori can
induce severe gastritis in immunized mice. In a related model,
Eaton et al. reported rapid development of severe gastritis in
H. pylori-colonized severe combined immunodeficient (SCID)
C57BL/6J[supi]scid/scid mice following adoptive transfer of
splenocytes from C57BL/6J donors (11). In the SCID mice,
development of gastritis was also accompanied by a rapid de-
crease in bacterial colonization, and by 45 weeks after transfer,
bacteria were not detected in the recipient mice (10).

A third important observation is that gastric inflammation
resolves after the bacterial load is reduced or eliminated.
While one immunized mouse remained colonized at 52 weeks,
its gastritis score was within the range seen in naïve mice. One
shortcoming of the mouse model is that tissue can be examined
from an individual only once. Thus, there is no way of knowing
whether that mouse had had more severe gastritis earlier or
perhaps had failed to make as robust a response as the others.
Resolution of inflammation was also observed in the SCID-
adoptive transfer model when infection was undetectable in
the recipient mice (10).

Our results of long-term infection and protection in the H.
pylori model appear to differ from a long-term study in the H.
felis model by Sutton et al. (38). In the H. felis experiment,
colonization of I/C mice, although reduced in comparison to
U/C mice, was present throughout the 18-month time course.
The authors reported postimmunization gastritis in immunized
mice challenged with H. felis at 1 and 3 months postchallenge.
By 6 months postchallenge, the gastritis in their I/C mice had
decreased to the level observed in the U/C mice, and both
groups continued to show similar gastric inflammation levels
throughout the study. In contrast, we were unable to detect
bacteria in the majority of I/C mice after 8 weeks, and the
gastritis scores of our I/C mice, whether colonized or culture
negative, were not significantly greater than for unchallenged
mice at 16 weeks and beyond. Our differing results may be
explained by differences between the two species of Helicobac-
ter, timing, and vaccine efficacy. Vaccination outcomes are very
dependent on the antigen preparation, dose of antigen, adju-
vant, timing, and route of administration (17, 21, 40, 45). In the
long-term H. felis study, Sutton et al. used intragastric immu-
nization, which we found to be less effective than intranasal
immunization in a preliminary experiment (Garhart et al., un-
published). Infection by low numbers of bacteria (not detect-
able histologically) has been implicated as the cause of postim-
munization gastritis in the H. felis-mouse model because
antibiotic treatment cured the gastritis (12).

It is dangerous to extrapolate directly from mice to humans,
but it is encouraging that postchallenge gastritis resolved with
time in mice challenged with H. pylori. An important concern
about development of a human vaccine against H. pylori is that
it may not be possible to induce sterilizing immunity. Long-
term mucosal inflammation due to residual bacteria may in-
crease the risk of both peptic ulcers and gastric cancer, which
are the risks that vaccination has been proposed to reduce.

Finally, we observed that unimmunized mice began to re-
duce their bacterial loads at 16 weeks after challenge. Again,
there was an association of increased gastritis with reduction in
colonization. Intrinsic reduction in H. pylori colonization by
C57BL/6 mice has also been reported recently by Eaton et al.
(10). It is tempting to speculate that there may be a cause and
effect relationship between development of gastritis (a robust
local cellular immune response) and the decrease in bacterial
load, but it is not a simple relationship. Although we have not
observed a decrease in bacterial load without an increase in
gastritis, some immunizations result in increased gastritis with-
out a reduction in bacterial load (data not shown).

In summary, our data show that prophylactic intranasal im-
munization results in a rapid intense gastric mucosal response
upon challenge with H. pylori. The inflammatory response pre-

FIG. 6. Serum IgG is reactive against killed H. pylori antigen. Val-
ues are geometric means � standard errors of the means of negative
log endpoint titers. Titers in the I/C (E) and I/NC (�) mice remained
elevated. By 4 weeks, titers of U/C mice (Œ) were significantly elevated
compared to earlier U/C groups and U/NC (�) mice from 3 days to 16
weeks; �, P � 0.02 and � 0.0005, respectively. At 16 and 32 weeks, the
titers of U/C mice were higher than U/C mice at 3 days to 8 weeks and
all groups of U/NC mice; †, P � 0.02 and � 0.005, respectively. At 52
weeks the U/C group had a titer higher than that of all U/C and U/NC
groups; §, P � 0.05 and � 0.0001, respectively. Titers in the U/NC
groups at 32 and 52 weeks (¶) are most likely due to cross-reactivity
(see text).
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cedes reduction in bacterial load but resolves with time after
colonization is reduced. Many questions remain such as the
mechanism of bacterial clearance and whether the inflamma-
tory response in infected patients can be modulated so that it
becomes effective in clearing infection.
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