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Degradation Process of Mycobacterium leprae
Cells in Infected Tissue Examined by the
Freeze-Substitution Method in Electron Microscopy
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Abstract: Mycobacterium leprae cells (strain Thai-53) harvested from infected mouse foot pads were
examined by electron microscopy using the freeze-substitution technique. The population of M. leprae cells
from the infected tissue consisted of a large number of degraded cells and a few normal cells. These thin
sectioned cell profiles could be categorized into four groups depending on the alteration of the membrane
structures, and the degradation process is considered to occur in stages, namely from stages 1 to 3. These
are the normal cells with an asymmetrical membrane, a seemingly normal cell but with a symmetrical mem-
brane (stage 1), a cell possessing contracted and highly concentrated cytoplasm with a membrane (stage 2),
and a cell that has lost its membrane (stage 3). The peptidoglycan layer was found to remain intact in these
cell groups.
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Since the discovery of lepra bacillus (Mycobacterium showed dead cells make up about 70% of all cells in tis-

leprae) as the causative agent of leprosy in 1873 by sue specimens from these patients by staining with flu-
G.H. Armauer Hansen, extensive efforts have been made orescence dyes. The morphological index (MI) (22)

to culture this bacillus on artificial culture media. How- used to estimate the ratio of viable cells in tissue speci-
ever, this was never successfully achieved during the mens from either M. leprae infected patients or animals
20th century. Hence, M. leprae for experimental uses can indicated a high rate of degraded cells. This finding
only be obtained from limited experimental animal tis- contrasted greatly to that of an infection of other
sues specimens such as those from armadillos, foot pads mycobacterium where only a small percentage of dead
of nude mice or from the skin lesions of patients. cells were found in infected tissue specimens (21). The

A morphological examination of M. leprae by electron reason why such a large number of M. leprae cells in tis-
microscopy has also been carried out on the bacteria sue are either in a nonviable or degenerating state remains

obtained from these tissue specimens and a few normal to be elucidated. Silva et al. (24) described the possibility
bacteria were thus found among many of the degraded that these bacteria are killed by the action of
bacterial cells (7, 13, 14, 21, 23). Examinations by macrophages or other phagocytes in untreated patients as
light microscopy also showed many dead M. leprae well as due to the effects of drugs in treated patients. On
cells in the infected tissue specimens. Palomino et al. the other hand, David and Rastogi (7) showed the cell
(18), using fluorescence staining technique, estimated the wall of M. leprae to have a more fragile nature than in
rate of viable bacterial cells in tissue from patients to other bacteria. To obtain reliable data on the morphology
range between 40-60%. Likewise David et al. (6) of M. leprae improvements in the fixation technique for
electron microscopy have been reported to be critically
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technique in electron microscopy is the most reliable
technique to reveal fine bacterial structures in their nat-
ural states (9). Since the first application of this technique
to the bacterial structure in 1983 (2), many new fea-
tures of bacterial cell structures (3, 10, 12, 16, 28),
including the cell wall structures of mycobacterial species
(19, 20), have been reported. In this experiment we
utilized this technique to examine the structure of M. lep-
rae grown in the foot pads of infected nude mice and also
discussed the biological meaning of the degenerative
forms of M. leprae cells, based on newly obtained mor-
phological findings,

Materials and Methods

Preparation of M. leprae from an infected mouse foot
pad. The Thai-53 strain, propagated and serially main-
tained in nude mice (BALB/c nu/nu) foot pads, was
used throughout this study. The mice were inoculated
with about 1X10° cells of M. leprae in both foot pads.
After 3 to 12 months, the mice were sacrificed for the
experiments. Two or six foot pads were used in one
experiment. A suspension of M. leprae was made from
the foot pads as previously described (17). Briefly, the
infected foot pads were minced with scissors and then

homogenized using a glass homogenizer in 0.05 M phos-
phate bufter (PBS, pH 7.0). After removing any coarse
tissue debris by low speed centrifugation (10X g, for 2
min), the suspension was treated with trypsin (final
0.05% w/v, Sigma Chemical Co., St. Louis, Mo.,
U.S.A.) for 60 min at 37 C. After centrifugation at 2,500
X g for 30 min, the pellet was used for morphological
examination.

Electron microscopy. The method for freeze-substi-
tution fixation was essentially the same as that described
previously (2, 28). The bacterial peliet was mixed with
a small amount of melted (48 C) 3% noble agar and
soon spread on a fresh clean glass slide. Next, the bac-
teria packed in agar on the glass slide were cut into
small (2-3 mm’) blocks and applied to the end of a
plunger for impact freezing. The machine used for
impact freezing was the KF-80 model manufactured by
Reichert-Jung Optische Werk (Austria) and liquid nitro-
gen was used as a cryogen (—196 C). Substitution fix-
ation was performed in acetone or ethanol containing
0.5% 0Os0, at —80 C (in a mixture of acetone and dry
ice) for more than 20 hr. After raising the temperature
gradually to room temperature, the specimens were then
dehydrated in a series of graded acetone baths and
embedded in an Epon mixture of Spurr. Thin sections

Fig. 1. A low magnification view of thin sectioned M. leprae from an infected mouse processed by the freeze-substitution method. Over
fifty cell profiles are seen in this section and most of them show cytoplasm with a low electron density. Only a few cells exhibit a gran-

ular viable cell morphology. The scale bar is 1 pm.
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were cut with a Sorval Uliramicrotome MT?2 (Ivan Sor-
val) using a diamond knife. The thin sections were
stained first with uranyl acetate followed by lead citrate,
and then were examined by electron microscopy (JEM
2000EX, JEOL) at 60 kV.

Results

An electron microscopic examination of the M. leprae
cells at low magnification revealed a variety of cell pro-
files as shown in Fig. 1. The majority of cell populations
were degraded cells and only a few normal cells were
found. In addition, the cell profiles of the degraded M.
leprae cells were not the same. We were able to cate-
gorize these cells into several cell types; namely cells
with a granular electron dense cytoplasm, cells with an
electron less dense cytoplasm and cells with an electron
dense but shrunk cytoplasm. These degenerated cell
profiles were found in bacterial preparations isolated
either in the middle stage of infection (6 months) or in
late stage (12 months). At a very early stage of infection
(3 months) the number of M. leprae cells recovered
from the foot pad was not sufficient to be examined by
electron microscopy. The fine structures of these cells are

shown in the following micrographs at high magnifica-
tion.

Figure 2 is an example of a thin sectioned profile of a
M. leprae cell that showed the morphology of a viable
cell. There are many ribosome particles in the electron
dense cytoplasm and the nucleoid was not condensed
centrally in the cell. The cell envelope consisted of two
electron dense bands. These bands can be more clearly
identified in an enlarged micrograph of the cell envelope
in the inset of Fig. 2. The morphology of the cell enve-
lope basically resembles that of other reported mycobac-
terial species (19). The two bands seemed to represent
the peptidoglycan layer (PG) and the cytoplasmic mem-
brane, respectively. The inner leaflet of the unit mem-
brane of the cytoplasmic membrane did not stain inten-
sively, hence it considered to be an asymmetrical feature
by other researchers (19, 25, 26).

Figure 3 was another cell exhibiting the same cell
morphology as that of the viable cell in Fig. 2, but it
could be differentiated by the presence of a symmetrical
membrane structure. There was a large space between
the PG layer and the membrane. The nucleoid was con-
densed within the cytoplasm and it consisted of inter- .
twined DNA fibers. These two micrographs revealed that

Fig. 2. Thin sectioned profile of a cell of M. leprae with normal viable cell morphology. Cytoplasm contains many ribosomes. The cell
envelope consists of two electron dense bands which represent the peptidoglycan layer and the membrane. The inset shows an
enlarged image of a part of the cell envelope showing a peptidoglycan layer (arrow head) and an asymmetrical membrane. The scale bar

is 200 nm. The inset is 300,000 X.
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Fig. 3. Another type of cell with a viable cell morphology but a symmetric membrane. The cell membrane shows symmetric lines. There
is a large gap between the PG layer and the membrane. The nucleoid is concentrated in the middle of the cells as an electron dense mass
of fibrous material. The scale bar is 200 nm.

Fig. 4. Cross sections of normal looking cells and cells having symmetric membrane structure. The scale bar is 200 nm.
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1. The cytoplasm shows extensive shrinkage and an increase in density. However, the cells still have

Fig. 5. One type of degenerating cel
a membrane with a symmetric structure and a round shaped PG layer. The scale bar is 200 nm.

Fig. 6. Another type of degenerating cell. The membrane has disappeared. The PG layer still remains intact and the cell has kept its round
shape. The cytoplasm has become less electron dense. The scale bar is 200 nm.
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there were two types in structure of the cytoplasmic
membrane among the cells exhibiting a granular cyto-
plasm with the appearance of viable cell morphology. In
Fig. 4, these two types of cells are shown in cross-section
in the same micrograph for comparison purposes.

Many of the other remaining cells showed either a less
dense cytoplasm or a highly concentrated cytoplasm,
thus indicating cells undergoing a degenerative alter-
ation. Based on examinations under high magnifica-
tion, it was possible to group these cells into two types of
degradation stages. (Figs. 5 and 6)

Figure 5 showed one type of degraded cell which
characteristically has a highly condensed cytoplasm but
still has a cytoplasmic membrane. The other type of
degenerating cell is shown in Fig.-6. In this type, the
density of the cytoplasm is greatly reduced while the
membrane has disappeared.

A common feature found in all of these degraded
cells is the presence of a rigid PG layer which maintains
a round or rod-like cell shape in bacterial cells even
after the loss of most of the cytoplasmic material. There-
fore, it can be assumed that the PG layer of M. leprae is
not removed from cell population by the action of
autolytic enzymes.

Discussion

Many electron microscopic observations have been
made on M. leprae infected tissues specimens from
human and animals by the conventional chemical fixation
method, and all results show the presence of many
degraded cells in such tissues (7, 13, 14, 21, 23). How-
ever, the conventional chemical fixation method has
limitations in its ability to reveal very delicate morpho-
logical changes of the intracellular structures of the bac-
teria. In this experiment this morphological feature of M.
leprae cells was examined by the freeze-substitution
technique using electron microscopy. The excellence of
this technique in preserving the bacterial fine structures
has already been established (9). As a result, the mor-
phological findings of M. leprae infected tissues obtained
in this experiment are not artifacts due to preparation
problems related to electron microscopy, but are very nat-
ural morphological features of this bacterium.

We confirmed the presence of the many cells with
degenerative alterations in M. leprae infected tissue
specimens using this technique. A few normal cells
found among them showed cell structures very similar to
other mycobacterial species reported (19).

In addition to these viable cells with a granular cyto-
plasm, we also found a similar cell that showed a cyto-
plasmic membrane with a symmetrical profile. This
type of cell differs from the normal viable cell shown in

O 000

(a) (b) (c) (d)

Fig. 7. The likely sequence of the cell degenerating process of M.
leprae, deduced from thin sectioned profiles made by freeze-
substitution. (a): Viable cell. (b): Stage 1. The formation of a sym-
metric membrane and the creation of a gap between the PG and
the membrane. (c): Stage 2. Shrinkage of cytoplasm and con-
densation of cytoplasmic material. (d): Stage 3. The disappearance
of the membrane and the diffusion of the cytoplasm through the
PG layer. The PG layer apparently remains intact.

Fig. 2, since it has a large space or gap between the
membrane and the PG layer. Since a symmetrical mem-
brane is thought to be an indication of degradation or
damage in the membrane (25), we interpreted that these
cells with symmetrical membranes represent a very early
stage of cell degradation. We further infer that the gap
between the membrane and the PG layer is due to the
shrinkage of cytoplasm resulting from the loss of cyto-
plasmic materials through the degraded membrane (sym-
metrical membrane). We, therefore, categorized this
type of cell as stage 1 of the degradation process. The
presence of a concentrated nucleoid found in this type of
cell may be another indication that the cell is not in a nor-
mal state (3).

The remaining cells were highly degraded cells and
made up a majority of the cell population in infected tis-
sue. A detailed examination of these degenerating cells
revealed that they could be separated into two major
morphological types, one type with concentrated cyto-
plasm encompassed by a symmetrical unit membrane
(Fig. 5) and the other having a less-dense cytoplasm
without a membrane (Fig. 6).

We would like to propose a likely sequence of cell
degradation from these morphological data. First, the
membrane experiences some damage (stage 1), subse-
quently shrinkage of the cytoplasm soon occurs (stage 2)
and finally the membrane disintegrates and disappears
followed by a loss of cytoplasmic material (stage 3).
This sequential event is summarized and illustrated in
Fig. 7. On several micrographs taken (353 cell pro-
files) we counted the number of the viable cells. The pro-
portion of viable cells was 17.5% (cell count: 62).

As the degradation of the cells was found in the bac-
teria harvested both in the middle stage of infection (6
months) and in later stage (12 months), this was not a
phenomenon that particularly occurred in the late stages
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of bacteria growth. We also did not embrace the idea that
some bacteria from infected tissue might be killed during
the preparation. The preparation method we employed is
generally utilized as a mild preparation method in lepra
experiments, and the morphological data so far reported
have definitely suggested that the degraded cells were
already present in infected tissue.

In the case of bacterial death, the autolysins are usu-
ally activated and the dead cells are eliminated from
the population (15). In M. leprae cells, however, the PG
layer remained in its original shape and therefore the
dead cells are not eliminated from tissues.

The reasons why such degradation occurs in M. leprae
cells are still not well understood, but the following
possibilities can be hypothesized. One is death due to
defects in the cell division mechanism. The second is
death due to an insufficiency of essential nutrients for
growth in a limited space of infected tissue of a foot pad.

In the last few years the phenomenon of spontaneous
cell death by mutated bacteria due to an incomplete
separation of chromosome during cell division has been
reported (4, 11). The DNA sequence of the whole
genome of M. leprae has been determined by Cole et al.
(5) and the possibility that massive gene decay has
occurred in the chromosomes of M. leprae was pro-
posed, based on comparisons to the genome of M. fuber-
culosis. Therefore it is likely that M. leprae has some
defects in its chromosomal separation machinery. If
that is the case, then an incomplete separation of the
chromosome during M. leprae cell division may result in
the observed type of cell death.

Truman and Krahenbuhl (27) examined the viability of
M. leprae in mouse foot pads using a chemical assay
technique and thus showed that more of the bacteria
can survive in the early stages than in the late stage of
infection. This finding suggests that some unfavorable
conditions for the growth of M. leprae may appear in the
late stages of infection. In addition, Dhople (8) reported
the presence of some factors that may influence the in
vivo growth of M. leprae in armadillo tissue but not in
mouse tissue. The capacity of the bacteria to kill them-
selves (suicide) after experiencing some degree of stress
has now been reported (1). It is also very interesting to
note that in some bacterial species a phenomenon called
altruistic suicide has also been described (15). It is
therefore possible that M. leprae may also undergo altru-
istic suicide as well.

In conclusion, M. leprae show a unique growth
process. During M. leprae growth, a significant portion
of replicating cells enter either degradation or death
processes spontaneously, and consequently the population
of M. leprae always consist of many degraded cells and
few viable cells. This low percentage of viable cells in

infected tissue may explain the low infectivity of /.
leprae and the difficulty maintain such a culture in arti-
ficial media.

We thank Dr. B. Quinn for his helpful comments on the man-
uscript.
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ABSTRACT

Emergence of drug resistant strains of Mycobacterium leprae was reported soon after the
introduction of dapsone (diamino-diphenyl sulphone, DDS) for leprosy treatment (6101,
Three cases of multidrug-resistant strains of M. leprae have been reported recently (2891,
In order to prevent multiple drug resistant strains of M. leprae from developing, current lep-
rosy control strategies are based on early detection of cases and treatment with multidrug
therapy (MDT) as recommended by the World Health Organization (WHO). We report here
the identification of a multidrug-resistant strain of M. leprae from a patient who received in-
adequate therapy for leprosy. The drug resistant profile of the isolated strain was confirmed
by the mouse footpad method and the identification of mutations in genes previously shown
to be associated with resistance to each drug was made.

RESUME

L’émergence de souches de Mycobacterium leprae résistantes aux antibiotiques fut rap-
portée rapidement aprés I’introduction de la dapsone (diamino-dipheny! sulphone, DDS)
pour le traitement de la l&pre (6, 10, 11). Trois cas de souches de M. leprae résistantes &
plusieurs antibiotiques ont été récemment publiés (1, 8, 9, 13). Afin de prévenir I’émergence
de souches de M. leprae poly-iésistantes,.I’approche actuelle du controle de la lepre repose
sur la détection précoce des cas et sur une poly-chimiothérapie (PCT) qui suit les recom-
mandations de I’ Organisation Mondiale de la Santé (OMS). Nous rapportons ici I’identifi-
cation d’une souche poly-résistante de M. leprae provenant d’un patient qui a eu un traite-
ment inadéquat contre la 1&pre. Le profil de chimiorésistance de la souche isolée fut confirmé
par la méthode de la plante des pieds de la souris et I'identification effective des genes qui
ont été démontré comme associés a la chimiorésistance spécifique de chaque antibiotique.

RESUMEN

Poco después de la introduccién de la dapsona (diamino-difenil sulfona, DDS) para el
tratamiento de la lepra aparecieron los primeros reportes sobre la emergencia de cepas de
Mycobacterium leprae resistentes a la droga. Recientemente se han publicado tres casos de
cepas de M. leprae con resistencia miltiple a las drogas antileprosas. Para prevenir el de-
sarrollo de cepas de M. leprae multidrogo-resistentes las estrategias actuales de control de
Ja lepra se basan en la deteccién temprana de los casos y el tratamiento con poliquimioter-
apia (PQT) como se ha recomendado por la Organizacion Mundial de la Salud (OMS). En
este articulo describimos el caso de una cepa de M. leprae multidrogo-resistente derivada de
un paciente que recibi6 un tratamiento inadecuado de la lepra. El perfil de drogo-resistencia
de la cepa aislada se confirmé en el modelo de la almohadilla plantar del ratén y por la iden-
tificacién de mutaciones en los genes asociados con la resistencia a cada droga.
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THE FIGURE. Bacillary growth in the foot pad of mice administered anti-leprosy drugs.

A 78-year old, male Japanese patient
with leprosy was suspected of harboring
drug resistant Mycobacterium leprae as a
result of repeated clinical relapses. The pa-
tient was diagnosed with lepromatous lep-
rosy (LL) and admitted to the National lep-
rosarium at 31 years‘of age. The patient was
first treated with promin 5 ml/day followed
by dapsone 75 to 50 mg/day resulting in re-
gression of skin lesions within one year.
The patient’s first relapse occurred at 50
years of age. Since the initial relapse, the
patient has experienced repeated clinical re-
lapses. During the most recent relapse, a
biopsy was taken from a dermal nodule for
this study. Since the initial relapse, dapsone,
streptomycin, rifampicin, clofazimine, iso-
niazid, ofloxacin, and prothionamide were
administered to treat subsequent relapses.
These drugs were administered irregularly
as monotherapy or in various combinations,
often at doses below recommended levels,
and standard multidrug therapy (MDT) was
never applied.

The anti-leprosy drug susceptibility of the
M. leprae was examined by mouse footpad
method (°); the inoculum for footpad studies
was prepared from the biopsy sample by
propagating M. leprae in the footpads of
nude mice. After expansion, M. leprae were
tested for susceptibility to various drugs in
BALB/c mice. Mice were fed standard pel-
let mouse chow with or without drugs, as re-

ported previously (°). Experimental groups
were fed diets containing one of the follow-
ing drugs: dapsone, rifampicin, ofloxacin,
sparfloxacin, clarithromycin, or clofazimine.
Bacillary growth in each footpad was ob-
served individually, according to the stan-
dard techniques 30 weeks after inoculation
(**). Genomic DNA was prepared from the
biopsy material to assess mutations in the
rpoB, folP and gyrA genes. DNA fragments
were amplified that corresponded to regions
of rpof3 (381-bp), folP (350-bp) and gyrA
(390-bp) containing mutations, if present,
associated with resistance to the rifampin,
dapsone, and fluoroquinolones, respectively.
Nucleotide sequences of the DNA frag-
ments were determined by direct sequenc-
ing and analyzed by the DNASIS program,
as described previously (%).

Bacillary growth in footpads treated with
rifampicin, ofloxacin, sparfloxacin, and
dapsone at concentrations of 0.0001% and
0.001% showed almost the same level of
growth as seen in control mice. No bacil-
lary growth was observed in footpads of
mice treated with clarithromycin, clofaz-
imine, and dapsone at the concentration of
0.01% (The Figure). Based on the mouse
footpad method, the M. leprae isolate was
regarded to be resistant to rifampicin,
ofloxacin, sparfloxacin, as well as the low
and intermediate levels of dapsone, but sus-
ceptible to clarithromycin and clofazimine.
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Sequence analysis of the genes in the M.
leprae isolate revealed mutations in folP at
codon 55 (CCC—TCC), in rpof at codon
531 (TCG—TTC), and in gyrA at codon 91
(GCA—GTA). These mutations have been
shown to be associated with dapsone-, ri-
fampicin-, and quinolone-resistance, re-
spectively in M. leprae.

The results clearly revealed the correla-
tion between relevant mutations and drug
resistance to each drug detected by the
mouse footpad method. Previous reports
have shown that the mutation at codon 55
in folP is a substitution of leucine for pro-
line in high-level dapsone resistant strains
(" #). Therefore, the missense mutation we
observed (proline to serine) at codon 55 in
the multidrug resistant M. leprae studied
suggests resultant dapsone resistance at the
intermediate level.

This is the fourth case of M. leprae resis-
tance to multiple drugs used to treat leprosy.
Single, or in a few instances, multidrug-
resistant M. leprae have been detected
among patients who have experienced clini-
cal relapse (***?). This has not been the case
for patients treated with current World
Health Organization (WHO)-recommended
MDT. Standardized MDT regimens were
not applied to Japanese patients before
2000 (4). The relapse patient reported in our
study had been treated irregularly with sev-
eral anti-leprosy drugs, suggesting drug re-
sistance was a result of inadequate therapy.

The results of our study strongly support
the use of drug resistance monitoring in re-
lapse cases, and demonstrate the utility of
drug susceptibility testing by gene mutation
analysis. Ideally, gene mutation analysis for
drug resistance should be applied when
there is suspicion of drug resistance in lep-
rosy. However, this approach is applicable
to only three drugs at present. Early detec-
tion of drug resistant M. leprae will clarify
treatment options and thereby curtail trans-
mission of drug resistant bacilli. Also, we
consider it important to begin to establish
current levels of drug resistance by survey-
ing leprosy patients for drug resistance us-
ing existing molecular tests, as well as de-
veloping new methods for detecting drug
resistance to current and new drugs that
may be useful for treating leprosy.
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In order to assess the efficacy of oral Helicobacter pylori heat shock protein 60 (HSP60) as a vaccine,
protection against H. pylori infection in specific-pathogen-free (SPF) C57BL/6 and germfree (GF) IQI mice was
examined. Prophylactic oral vaccination of these two strains of mice with either H. pylori HSP60 or Escherichia
coli GroEL inhibited H. pylori colonization by 90 to 95% at 3 weeks postinfection (p.i.). However, these nice
were only partially protected because bacterial loads increased in all animals at 10 weeks p.i. Anti-H. pylori
HSP60 immunoglobulin G was detected in serum at 3 weeks p.i. in mice vaccinated with either H. pylori HSP60
or GroEL. Significant increases in the gastritis scores were observed only in SPF mice immunized with H. pylori
HSP60. These results indicate that oral vaccination with H. pylori HSP60 has partial protective effects on
subsequent H. pylori infection but also induces postimmunization gastritis. However, GF mice immunized with
H. pylori HSP60 did not suffer from severe gastritis. Therefore, the presence of bacterial flora appedrs to
contribute to the induction of postimmunization gastritis.

Helicobacter pylori infection is associated with the occur-
rence of chronic gastritis and is implicated in causing peptic
ulcer diseases and gastric malignancies, such as mucosa-asso-
ciated B-cell lymphoma and adenocarcinoma of the stomach
(2, 11, 28, 39). This organism was recently categorized in car-
cinogen group I by the World Health Organization (17). Al-
though serological studies have shown H. pylori infection in
approximately half of the world’s population, it is not clear how
this pathogen persists in the stomach.

Eradication of chronic H. pylori infection with antibiotics
obviously influences treatment for gastroduodenal diseases
and reduces clinical symptoms. However, several problems are
associated with antimicrobial therapy, including its side effects,
as well as the generation of resistant strains of H. pylori (19,
25). Therefore, the development of a prophylactic vaccine
would be an attractive strategy against H. pylori infection. Al-
though the use of crude or purified H. pylori antigens has been
explored in several animal models for the induction of protec-
tive immunity against Helicobacter species, these efforts have
not resulted in the development of an optimal vaccine (20, 21,
26).

H. pylori heat shock protein 60 (HSP60) is known to be well
conserved among different bacterial strains and is a strong
immunogen (36, 38). Our previous studies showed that H.
pylori HSP60, located on the bacterial surface, was involved in
adhesion to gastric epithelial cells (35, 36). Moreover, Ferrero
et al. have reported that vaccination with H. pylori HSP60
reduced colonization by H. felis in mice (9). Thus, these find-
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ings imply that H. pylori HSP60 has the potential to induce
protective immunity against H. pylori infection.

In the present study, the efficacy of H. pylori HSP60 as an
oral vaccine against H. pylori infection was assessed both in
specific-pathogen-free (SPF) C57BL/6 and germfree (GF) 1IQI
mice.

MATERIALS AND METHODS

Bacterial strains and preparation of antigens. H. pylori clinical isolate 1402
(vacA™ cagA™), obtained from a patient with gastritis, was used. H. pylori clinical
isolate TK1029 (vacA™ cagA™), obtained from a patient with gastric ulcer, was
used for the amplification of the hsp60 gene and for the preparation of native H.
pylori HSP60 by affinity purification methods described previously (34). E. coli
pop2136 was used for the amplification of the groEL gene and for the transfor-
mation of expression plasmid pEX, which is capable of producing a B-galacto-
sidase fusion protein (32). Construction of the E. coli expressing fusion proteins
and the preparation of recombinant fusion protein was done by previously
described methods (34, 37). cDNA fragments encoding E. coli GroEL and H.
pylori HSP60 were amplified by PCR with the following primer sets: upstream for
E. coli groEL, 5'-GAA TTC ATG GCA GCT AAA GAC GTA AA-3'; for H
pylori hsp60, 5'-GAA TTIC ATG GCA AAA GAA ATC AAA TT-3'; and
downstream for both genes, 5'-GAA TTC TTA CAT CAT GCC GCC CTA
GC-3'. The GAATTC sites recognized by the EcoRI enzyme were added to both
5" and 3' sides for subcloning into the plasmid. All sequences of the amplified
¢DNAs inserted into the plasmid were confirmed by direct sequencing. These
plasmids were then used to transform E. coli pop2136. The bacteria were culti-
vated at 30°C and shifted to 42°C for 2 h to induce the expression of the
recombinant fusion proteins. Each transformed E. coli clone was disrupted by
sonication (SONIFER 250; Bronson Ultrasonics Corp., Danbury, Conn.), and
the insoluble fractions were collected. The pellet was incubated in 50 mM
Tris-HCI (pH 8.0) containing 1 mM EDTA, 1 mM dithiothreitol, and 8 M urea
for 1 h at 37°C. After the fusion proteins had been dialyzed against phosphate-
buffered saline (PBS) and sterilized by filtration, they were applied as antigens
for oral vaccination of mice against H. pylori infection. The fusion antigens
containing E. coli GroEL and H. pylori HSP60 were designated rGalEcGroEL
and rGalHpHSP60, respectively. The extract from E. coli transformed with pEX
only was used as a control (rGal).
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FIG. 1. Profiles of fusion protein on SDS-PAGE (left panel) and
Western blot analysis with H9 MAb (right panel). A 1-pg portion of
1Gal (lane 1), rGalHpGroEL (lane 2), or rGalEcGroEL (lane 3) was
loaded in each lane.

SDS-PAGE and Western blotting. Sodium dodecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting were carried out according
to the methods previously described (34). Mouse monoclonal antibody (MAb)
H9 (immunoglobulin G2a [IgG2a)), cross-reacting with E. coli GroEL and H.
pylori HSP60 (34), was used as the fusion protein to detect antibody in Western
blotting analyses.

Animal experiments. SPF C57BL/6 and GF IQI mice (both female, 6 weeks
old) were purchased from Nipon CLEA (Tokyo, Japan). SPF and GF mice were
housed under SPF conditions and in a sterilized isolator, respectively. Each
group of mice (SPF [n = 20] and GF [n = 14]) was orally inoculated five times
on a weekly schedule with 100 g of recombinant antigen (rGal, rGalEcGroEL,
or rGalHpHSP60) and 5 wg of heat-inactivated cholera toxin (CT; Sigma, St.
Louis, Mo.) as a mucosal adjuvant or CT alone in 500 pl of PBS. After the last
inoculation, 500 ul of H. pylori TK1402 (5 X 10° CFU/ml) was inoculated orally
three times on a daily schedule.

Assessment of gastric inflammation. At 3 and 10 weeks after the final inocu-
lation with H. pylori, mice were sacrificed, blood was collected for measurement
of anti-H. pylori HSP60 IgG levels in serum, and stomachs were removed for
determination of the number of H. pylori colonies and for the histological as-
sessment of gastritis scores. The stomachs were washed in sterile PBS and cut
longitudinally into two pieces: one half for bacterial culfures and the other half
for histology. Longitudinal sections of gastric tissues from the esophageal-cardial
junction to the duodenum were fixed in neutral 10% buffered formalin and
embedded in paraffin. Sections of 4 pm thickness were stained with hematoxylin
and eosin and viewed at magnifications of X100 to X400. Two histologists
independently examined the gastric sections in a blind fashion. Gastritis was
scored according to the method described by Dubois et al. (6) as follows: 0, intact
mucosal lining and no infiltration of the lamina propria with mononuclear and
polymorphonuclear cells; 1, mild increase of mononuclear or polymorphonuclear
cell infiltration localized to the upper half of the mucosa; 2, mononuclear and
polymorphonuclear cell infiltration extending from the surface into the lamina
propria; and 3, either marked mononuclear and polymorphonuclear cell infiltra-
tion extending from the surface into the lamina propria or surface erosion.

Assessment of H. pylori in gastric tissue. Gastric mucosa (width, 3 mm; thick-
ness, 0.5 mm) was suspended in Hanks balanced salt solution (Nikken Seibutu,
Tokyo, Japan), by vortexing the sample until the mucosa was disrupted, and then
plated on M-BHI PYLORI agar (Nikken Seibutu), a selective agar medium.
After cultivation for 4 days at 37°C under microaerophilic conditions, gold-
colored colonies were counted.

Determination of antibody levels against H. pylori HSP60. Enzyme-linked
immunosorbent assay (ELISA) was performed as previously reported (34).
Briefly, microplates were coated with affinity-purified H. pylori HSP60 and
blocked with 1% skim milk-PBS. Mouse serum diluted 1:25 was added and
visualized with goat anti-mouse IgG peroxidase conjugate (Cappel Research,
Durham, N.C.) and OPD buffer (pH 5.0; 0.1 M citric acid, 0.07 M sodium
phosphate dibasic 12-hydrate, and 0.015% [vol/vol] H,0,).

Statistical methods. Statistical significance for the differences between groups
was assessed by using the Student ¢ test.

RESULTS

Effect of oral vaccination against H. pylori infection. As
shown in Fig. 1, H9 MAD reacted with a band of approximately
180 kDa in the fusion protein preparation. We first examined
colonization of H. pylori in the stomach after vaccination. As
shown in Fig. 2, oral vaccination with either rGalEcGroFL or
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FIG. 2. Effect of vaccination on bacterial colonization in SPF and
GF mice at 3 weeks p.i. The number of bacteria per stomach was
determined by a bacterial culturing system as described in the text. The
data represent the means plus the standard deviations for 10 (SPF) or
7 (GF) mice. %, P < 0.05 (i.e., significantly different from the control
CT group {Non-vaccinated/infection}).

rGalHpHSP60 significantly inhibited H. pylori colonization in
the stomachs of both strains of mice by 3 weeks after infection.
Compared to the control rGal-inoculated mice, vaccination
resulted in reduction of infection by 90 to 95%. However, at 10
weeks postinfection (p.i.), the bacterial loads in both strains of
mice were similar to the control CT group, regardless of which
vaccine had been applied (data not shown).

H. pylori HSP60-specific antibody levels in sera. As shown in
Table 1, elevated levels of IgG in serum against H. pylori
HSP60 were present at 3 weeks p.i. in both SPF and GF mice
vaccinated with either rGalEcGroEL or rGalHpHSP60. There
were no significant differences between any of these groups. At
10 weeks after infection, there were still no significant differ-
ences among the groups (average ELISA values apgainst H.
pylori HSP60, 0.241 [SPF] versus 0.304 [GF]). The levels of IgG
in serum were similar in all groups of infected mice, as well as
controls (data not shown).

Histological examination of gastric tissue. It is known that
after infection, previous oral vaccination frequently results in

TABLE 1. IgG response to purified H. pylori HSP60 in
sera of SPF and GF mice

Mean ELISA value (OD,g0)¢ * SD in:

Group
SPF mice GF mice
Nonvaccinated with infection 0.145 = 0.041 0.234 + 0.091
(CT only)

Vaccinated with infection

rGal 0.286 = 0.028 0.261 + 0.022

rGalHpHSP60 0.521 = 0.081° 0.552 = 0.063°

rGalEcGroEL 0.651 = 0.122° 0.566 *+ 0.063%

@ Data represent the mean values for each group at 3 weeks p.i. (SPF mice, n
= 10; GF mice, n = 7). OD,gy, optical density at 490 nm.
& P < 0.05 (versus the CT group animals).
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FIG. 3. Gastritis' scores in vaccinated SPF and GF mice at 3
(A) and 10 (B) weeks p.i. Hematoxylin-eosin-stained gastric sections
were scored for grade of inflammation (grades 0 to 3) as described in
the text. The data represent the means plus the standard deviations for
10 (SPF) or 7 (GF) mice. %, P < 0.05 (i.e., significantly different from
the control CT group [Nonvaccinated with infection]).

postimmunization gastritis (10, 12, 30). Therefore, we assessed
whether H. pylori infection after oral vaccination causes gastric
inflammation in these mice. As shown in Fig. 3, mild and
severe gastritis was observed only in SPF mice preimmunized
with rGalHpHSP60, at 3 and 10 weeks p.i,, compared to the
other groups. Furthermore, no significant increase of the gas-
tric inflammation score was observed in any GF mice for up to
10 weeks p.i. Figure 4 shows representative photomicrographs
of gastric tissues of rGalHpHSP60-vaccinated SPF and GF
mice at 10 weeks p.i. Severe gastritis disrupting the glandular
structure, surface erosion, and marked inflammatory cell infil-
tration was frequently observed in the SPF mice vaccinated
with rGalHpHSP60 (Fig. 4A to C). However, the same vacci-
nation with rGalHpHSP60 did not cause gastric inflammation
in GF mice (Fig. 4D to F). Oral vaccination with rGalEcGroEL
and a after infection also did not cause any severe gastric
inflammation in either group of mice up to 10 weeks p.i. No
inflammatory cell infiltration was observed in the stomachs
of immunized mice without H. pylori infection up to 12
weeks after the last vaccination (data not shown). This finding
suggests that H. pylori HSP60 immunization does mnot have
any harmful effects per se. H. pylori infection alone without
any other treatment caused inflammatory cell infiltration in
either strain, similar to mice immunized with CT, rGal, or
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rGalEcGroEL (data not shown). In addition, none of theA mice
showed any atrophic changes (data not shown).

DISCUSSION

Our results showed that oral vaccination with H. pylori
HSP60 or GroEL reduced subsequent bacterial colonization 3
weeks after H. pylori infection. However, these protective ef-
fects were transient, with the bacterial load recovering by 10
weeks p.i. Several previous studies had shown that oral vacci-
nation with H. pylori-derived antigens, including H. pylori
whole-antigen or purified antigen, together with an appropri-
ate adjuvant such as CT, have at least partial protective effects,
reducing or eliminating colonization of H. pylori in animal
models. These protective effects in vaccinated mice can be of
extended duration (9, 10, 12, 20, 21, 30). Although the reason
for the difference between the present results and these earlier
findings is still not clear, the decreasing H. pylori HSP60-spe-
cific IgG levels in serum at 10 weeks p.i. might be associated
with transient protection. It may also be speculated that the
extent of bacterial load depends on the kind of vaccine.

The bacterial loads in both strains of mice recovered by 10
weeks p.i., despite prior vaccination. It is known that Th2
immune responses are dominant in H. pylori infection, and
have a potentially protective role for bacterial infection (5, 22,
33). In this regard, several reports showed that Th2 immune
responses lead to an increase in the number of H. pylori colo-
nies in the stomach (4, 23, 30). These findings seem to be a
possible explanation for increased bacterial load in mice vac-
cinated with E. coli GroEL. However, it is still not clear how
the bacterial load increased in mice immunized with F. pylori
HSP60 and GroEL.

In SPF mice vaccinated with H. pylori HSP60, severe gastric
inflammation, including erosion, was observed 10 weeks p.i.
However, these findings did not apply in SPF mice vaccinated
with E. coli GroEL. Thus, the results indicated that the postim-
munization gastritis caused by H. pylori HSP60 was an antigen-
specific phenomenon. A number of investigators have also
reported that gastric inflammation occurs in immunized mice
after challenge (postimmunization gastritis) (10, 12, 30). How-
ever, the mechanism by which vaccination induces gastritis is
still not understood. In the present study, GF mice lacking
normal bacterial flora did not show gastric inflammation.
Therefore, the presence of bacterial flora seems to be impor-
tant for the induction of postimmunization gastritis in the H.
pylori vaccination mouse model. However, the SPF and GF
mice used here belonged to different strains, which may also
have accounted for the differences.

Numerous studies indicate that alterations of bacterial flora
relate to critical inflammatory illnesses through the stimulation
of the immune system (1, 24, 31). Interestingly, vaccinated GF
piglets suffered only slight gastritis without erosion after H.
pylori infection (8). Eaton et al. recently reported that immu-
nodeficient SCID mice permit higher levels of H. pylori colo-
nization and fail to develop gastritis compared to wild-type
mice, suggesting that the host gastric inflammatory response is
mediated by lymphocytes stimulated through gut-associated
lymph nodes and not via direct bacterial contact (7). In the
present study, we also showed that GF mice exhibit only a few
inflammatory changes without erosion and atrophy after H.
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FIG. 4. Photomicrographs of hematoxylin-eosin-stained gastric tissues of SPF (A, B, and C) and GF (D, E, and F) mice prevaccinated with H.
pylori HSP60 at 10 weeks p.i. Cardia mucosa of SPF mice frequently showed severe gastritis with disruption of the gland structure, severe
inflammatory cell infiltration, and erosion (A). GF mice did not show these symptoms (D). Severe inflammatory cell infiltration was observed in
mucosa in SPF mice (B) but not in GF mice (E). Antral mucosa of SPF mice also showed severe inflammatory cell infiltration (C), but GF mice
did not (F). Arrows indicate inflammatory cell infiltration, and arrowheads indicate erosion. Magnification, X200.

pylori challenge. Thus, these findings suggest that the signals to
immune cells through intestinal bacterial flora after H. pylori
infection might be responsible for the postimmunization gas-
tritis. On the other hand, it is known that several receptors
such as CD14, Toll-like receptors (TLRs), and CARD4 con-
tribute to innate immune responses to bacterial pathogens in
mucosal surfaces that constitute the first line of defense against
microbial pathogens (3, 16, 18, 29). A recent study showed that
upregulated stimulation through TLR2 and TLR4, which rec-
ognize bacterial cell wall components, is associated with the
induction of intestinal inflammation (13). TLR5 was recently
identified as the mediator of bacterial flagellin recognition and
subsequent induction of innate immune responses (14). The
upregulated stimulation via CARD4 was also associated with

the induction of inflammatory bowel diseases, including
Crohn’s disease (15, 27). Although the reasons for such
postimmunization gastritis in SPF mice are still unknown, it
may be speculated that upregulated signaling to innate immu-
nity through receptors stimulated by the combined intestinal
bacterial flora, bacterial HSP60 antigen, and H. pylori might be
important.

In summary, our data indicate that prophylactic immuniza-
tion with H. pylori HSP60 results not only in a partial reduction
of bacterial colonization but also in postimmunization gastritis
in SPF mice. Because GF mice did not show this severe gastric
inflammation, we conclude that the presence of bacterial flora
might contribute to the induction of postimmunization gastritis
after vaccination with H. pylori HSP60. Many questions remain

—118—



812

YAMAGUCHI ET AL.

unanswered, including questions about the possible mecha-
nisms of bacterial clearance and gastric inflammation caused
by vaccination with H. pylori HSP60. However, the presence of
bacterial flora may determine the usefulness and/or harmful-
ness of H. pylori HSP60 as a vaccine. The data in the present
study might be valuable for the development of a vaccine for
complete prevention of H. pylori without postimmunization
gastritis.
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