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It has been speculated that gp96 targets peptides to antigenpresenting cells (APC) and thereby improves their immunogenicity. This is consistent with the finding that APC express cell
surface receptors for hsp (3, 23) which promote internalization
via endocytosis and processing through the MHC class I pathway (7). Recently, the receptor for gp96 has been identified as
CD91 (alpha-2-macroglobulin receptor) (4).
We tested the capacity of gp96 isolated from cells infected
with the intracellular bacteria Listeria monocytogenes and Mycobacterium tuberculosis to induce a protective immune response in mice. gp96 preparations were generated from mice
infected intravenously (i.v.) with 5 ⫻ 103 L. monocytogenes
strain EGD organisms or 2 ⫻ 105 to 5 ⫻ 105 M. tuberculosis
strain H37Rv organisms. Spleens and livers were harvested on
day 5 (Listeria-infected mice) or day 28 (Mycobacterium-infected mice) and homogenized with a laboratory blender (Seward
Medical, Oxford, United Kingdom). gp96 was purified as described previously (2). Immediately after centrifugation, cell
pellets from livers and spleens (from approximately 15 to 20
mice) were homogenized in 200 ml of hypotonic buffer (30 mM
NaHCO3, containing a protease inhibitor cocktail [Boehringer
Mannheim, Germany] [pH 7.1]). Following centrifugation
(35,000 ⫻ g at 4°C for 30 min), the supernatants were filter
sterilized, applied to a concanavalin A (Con A)-Sepharose
column and eluted with phosphate-buffered saline (PBS) (pH
7.2). Con A-bound material was eluted with PBS containing
10% ␣-methyl-mannoside. The eluate was separated by fastperformance liquid chromatography using a MonoQ column
(5/5; Pharmacia) with an NaCl gradient from 0 to 1 M. Fractions were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analysis for gp96 by using
a monoclonal antibody specific for gp96 (anti-grp94, SPA-850,
clone 9G10; Stressgen, Victoria, British Columbia, Canada).
Only fractions containing gp96 as their major content and
devoid of other detectable contaminating proteins were used
for vaccination experiments. The gp96 content in each fraction
was quantified by measuring the optical density at 280 nm with
an extinction coefficient of 1.0. Mass spectrometry analysis
revealed that the gp96 preparations used in these studies did
not contain microbial contaminants.
To determine the capacity of gp96 preparations to induce
CD8⫹ CTL responses, C57BL/6 mice were immunized subcutaneously (s.c.) at the base of the tail with 30 g of gp96 in 100

Acquired resistance against numerous intracellular bacteria
depends on CD8⫹ T cells (14). This has meant major hurdles
to conventional vaccination strategies. Recent approaches to
overcome such obstacles include immunizations with naked
DNA and with recombinant live bacterial or viral vectors (12).
An alternative strategy is vaccination with heat shock protein
(hsp)-peptide complexes. The immunological relevance of the
peptide-binding capacity of the hsp gp96 was first described for
the tumor system (25). It is reported that gp96 isolated from
tumor cells induces anti-tumor-specific cytotoxic T lymphocytes (CTL) against cells from the parent tumor (30). Recent
studies have extended the feasibility of eliciting immune responses against antigens from different sources using gp96peptide complexes (26). Immunization with gp96 induced potent CTL responses to peptides of viral antigens (5, 11, 20, 28),
model antigens (2, 21), and minor histocompatibility antigens
(2). These findings, together with the capacity of gp96 to bind
a broad array of peptides, provide the conceptual framework
for vaccination strategies with gp96.
The hsp gp96 is localized in the endoplasmic reticulum
(ER), where it seems to play a role in processing of antigens in
the major histocompatibility complex (MHC) class I pathway.
Cytoplasmic proteins are cleaved into peptides by proteasomes
and transported into the ER lumen by the transporter associated with antigen processing. In the ER these peptides associate with gp96 molecules and are then loaded onto MHC class
I molecules (17, 19, 24, 27). Although it is accepted that a
broad range of peptides can bind to gp96 (17, 24), the peptidebinding characteristics of gp96 molecules are still incompletely
understood. Recent findings suggest that peptides can be accommodated in a hydrophobic pocket of gp96 (22). The promiscuous binding specificity of gp96 suggests that the variety of
peptides bound by gp96 molecules reflects virtually the entire
peptide repertoire in the ER (1).
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This work demonstrates that gp96 preparations isolated from cells infected with intracellular bacteria
induce cytotoxic T-lymphocyte responses and confer protection. Our findings extend previous reports on the
immunogenicity of gp96-associated peptides to antigens derived from intracellular bacteria. Immunization
with gp96 may therefore represent a promising vaccination strategy against bacterial pathogens.
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load in spleens (change in value of the number of CFU per
organ [⌬log], 0.92; P ⬍ 0.001) and livers (⌬log, 0.89; P ⬍ 0.001)
significantly (Fig. 2). In contrast, treatment of mice with gp96
from control mice did not affect bacterial numbers. Protection
induced by i.v. immunization with gp96 from L. monocytogenes-infected organs was comparable to that shown in Fig. 2
(data not shown). Importantly, different batches of gp96 preparations resulted in comparable data. The highest level of
protection was observed when mice were immunized 10 days
prior to infection with bacteria. Multiple injections with gp96
did not substantially improve protection levels. Altogether,
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FIG. 1. gp96 isolated from organs of L monocytogenes-infected
mice prime CD8⫹ CTL. Ten days after s.c. immunization of C57BL/6
mice with 30 g of gp96 from Listeria-infected organs (closed symbols)
or noninfected organs (open symbols), the spleens were removed and
splenocytes were stimulated as described before. On day 12, cultures
were tested for CTL activity on RMA cells alone (triangles) or RMA
cells pulsed with HKL antigens (diamonds) in a standard 51Cr release
assay.

to 200 l of PBS. gp96 was isolated from spleens and livers
from uninfected (control) or L. monocytogenes-infected
C57BL/6 mice. After 10 days, splenocytes were stimulated with
lipopolysaccharide-induced blasts as APC (1 ⫻ 106 cells/ml)
and heat-killed L. monocytogenes (HKL) (5 ⫻ 106 organisms/
ml). Three days later, the medium was replaced with fresh
culture medium supplemented with 10% interleukin 2-enriched Con A (Sigma)–rat spleen cell supernatant (16). A
significant expansion of CD8⫹ T cells (⬎80% of gated lymphocytes), as assessed by CD8 and CD4 staining in fluorescence-activated cell sorting analysis, was observed on day 6 in
cultures from mice immunized with gp96 isolated from L.
monocytogenes-infected organs. In contrast, cultures from mice
immunized with the control gp96 preparation showed only
marginal growth of CD8⫹ T cells (⬍20%) (results not shown).
On day 7, cultures were restimulated with lipopolysaccharideinduced blasts, HKL, and Con A-rat spleen cell supernatant.
Cultures were tested using RMA cells as targets on day 12 in
a standard 51Cr release assay as described previously (31). Only
cultures from mice immunized with gp96 isolated from L.
monocytogenes-infected organs exhibited specific CTL activity
against listerial antigens (Fig. 1). Hence, gp96 from Listeriainfected cells induced Listeria-specific CD8⫹ CTL in the absence of adjuvants.
Next, we tested whether gp96 isolated from L. monocytogenes-infected cells induces protective immunity. C57BL/6
mice were immunized (s.c.) with gp96 isolated from livers and
spleens of infected C57BL/6 mice and noninfected C57BL/6
mice (control). Ten days after immunization, the mice were
infected i.v. with 6.4 ⫻ 103 live L. monocytogenes organisms in
PBS. Five days later, the organs were homogenized and appropriate dilutions were plated on trypticase soy plates. After
1 day of culture at 37°C, the numbers of CFU were determined. Pretreatment of mice with gp96 reduced the bacterial

FIG. 2. Protection against listerial infection by gp96 from infected
mice. C57BL/6 mice were treated with PBS alone (group 1) or immunized s.c. with gp96 (30 g) from organs of noninfected C57BL/6 mice
(group 2) or gp96 (30 g) from organs of L. monocytogenes-infected
C57BL6 mice (group 3). Ten days after immunization, mice were
infected i.v. with L. monocytogenes organisms. On day 5, the numbers
of CFU in spleens and livers were determined. Underlined numbers
indicate differences (log 10) between the average numbers of CFU
observed for experimental groups and those observed for PBS-treated
controls. The individual numbers of CFU are illustrated by the closed
diamonds, and the bars illustrate the mean number of CFU per group.
The experiment, with 5 animals per group, has been repeated with
comparable results. ⴱ, significant protection (P ⬍ 0.001, Mann-Whitney test).
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these findings demonstrate that immunization with gp96 stimulates CD8⫹ CTL and effectively induces protection against L.
monocytogenes, as demonstrated previously using other vaccination protocols, such as those using naked DNA (9) or killed
bacteria (29).
Next, we asked whether gp96 from M. tuberculosis-infected
organs is capable of inducing protective immunity in mice
against M. tuberculosis. In the mouse, effective protection
against M. tuberculosis requires both CD4⫹ and CD8⫹ T cells,
although the precise role of these T-cell subsets in the control
of tuberculosis is still incompletely understood (10, 14, 18).
C57BL/6 mice were immunized with gp96 isolated from livers
and spleens of M. tuberculosis-infected or noninfected C57BL/6
mice. After 10 days, mice were infected i.v. with 1 ⫻ 105 to 2 ⫻

105 live M. tuberculosis organisms in PBS. On day 28 after
infection, spleens and livers were homogenized and appropriate dilutions were plated on Middlebrook agar plates supplemented with oleic acid-albumin-dextrose-catalase enrichment
(Difco, Detroit, Mich.). After 3 to 4 weeks of culture at 37°C,
the numbers of CFU were determined. A single dose of 30 g
of gp96 from M. tuberculosis-infected organs significantly reduced the numbers of CFU of M. tuberculosis both in spleens
(⌬log, 0.68; P ⬍ 0.001) and in livers (⌬log; 0.66; P ⬍ 0.001)
compared with controls (Fig. 3). Although vaccination with
Mycobacterium bovis BCG was not included in these experiments, in our hands BCG consistently induced 1 to 1.4 log protection. Thus, in mycobacterial infections microbial peptides
are also complexed with gp96, and vaccination of mice with
these complexes induces partial protection against M. tuberculosis.
We show, for the first time, the feasibility of vaccinating with
gp96-peptide complexes against intracellular bacteria. Our experiments reveal that gp96 from organs of mice infected with
intracellular bacteria induces a specific CD8⫹ CTL response.
We therefore assume that during infection, bacterial peptides
comprising epitopes for CD8⫹ T cells associate with gp96.
Moreover, our results demonstrate that vaccination of mice
with these gp96-peptide complexes induces protection against
intracellular bacteria. Our findings reveal that gp96-peptide
complexes are themselves potential vaccine candidates for the
control of intracellular bacteria, even when the identity of the
specific microbial antigenic epitope is unknown. We do, nevertheless, consider it important to identify the protective epitopes complexed to gp96. Immunodominant peptides have been
eluted from gp96 molecules, and their sequences have been
identified for some systems (6, 13, 20). As the sequence of the
genome of M. tuberculosis is now available (8), sequence determination of peptides eluted from gp96 may directly lead to
the respective protein antigen. Thus, subunit or DNA vaccination approaches based on novel antigens could become feasible. Currently, we are attempting to isolate and sequence
M. tuberculosis-derived peptides from gp96 molecules in order to design novel vaccine candidates against tuberculosis,
which remains one of the major health threats to humans to
this day (15).
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