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Abstract

Recently, we reported that heat shock protein 105 (HSP105) DNA vaccination induced anti-tumor immunity. In this study, we set up
a preclinical study to investigate the usefulness of dendritic cells (DCs) pulsed with mouse HSP105 as a whole protein for cancer immu-
notherapy in vivo. The recombinant HHISP105 did not induce DC maturation, and the mice vaccinated with HSP105-pulsed BM-DCs were
markedly prevented from the growth of subcutaneous tumors, accompanied with a massive infiltration of both CD4* T cells and CD8* T
cells into the tumors. In depletion experiments, we proved that both CD4" T cells and CD8"' T cells play a crucial role in anti-tumor
immunity. Both CD4" T cells and CD8" T cells specific to HSP105 were induced by stimulation with HSP105-pulsed DCs. As a result,
vaccination of mice with BM-DCs pulsed with HSP105 itself could elicit a stronger tumor rejection in comparison to DNA vaccination.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Heat shock protein 105; Cancer antigen; Dendritic cells; Th; CTL

Heat shock proteins (HSPs) are soluble intracellular
proteins, which are ubiquitously expressed, and their
expression can be induced at much higher levels as a result
of heat shock or other forms of stress. HSPs have essential
functions in the regulation of protein folding, conforma-
tion, assembly, and sorting. HSPs have been shown to be
molecular chaperones that function to maintain the native
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conformational states of proteins and prevent protein—
protein aggregation [1]. HSPs can also induce the response
of antigen-specific effector CD8" T cells which can protect
hosts from both infection and tumor challenge [2]. Srivast-
ava and co-workers [3,4] led to a proposal that the tumor-
derived HSP-peptide complex elicits a protective immunity
that is specific to a particular cancer, while HSPs derived
from normal tissues did not elicit any protective immunity
to the cancers tested. Immunotherapeutic clinical trials tar-
geted at autologous tumor-derived gp96-peptide complex-
es are still ongoing in metastatic melanoma and colorectal
carcinoma patients [S].

Dendritic cells (DCs) are powerful antigen-presenting
cells (APCs) that are considered to be potent immunother-
apeutic agents to promote the host immune response
against tumor antigen. DCs become efficient tumor vac-
cines when pulsed with synthetic or natural tumor-derived
peptides, transduced with tumor-derived RNA or vectors
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encoding for tumor-associated proteins, or directly fused to

or incubated with tumor cells [6]. For effective induction of
cytotoxic T lymphocytes (CTLs) by vaccination, “Cross-
presentation” mediated by DCs often plays an important
role. Such cross-presentation includes the antigen presenta-
tion of exogenous antigens by major histocompatibility
complex (MHC) class I molecules as well as by MHC class
1T molecules [7,8] HSP-chaperoned peptides were cross-
presented by the MHC class I molecules of the DCs several
100-fold more cfficiently than unchaperoned peptides [9]
In addition, CD91, also called o,-macroglobulin recepior
is expressed on DCs and has been shown to act as one of
the receptors for HSP-chaperoned peptides to efficiently
incorporate the HSP—peptide complexes [10].

We ecarlier reported that heat shock protein 105
(HSP105) was overexpressed in a variety of human can-
cers but it is not expressed in normal tissue except for
the testes [11,12], thus suggesting that HSP105 itself
may be a potential candidate as a target antigen for can-
cer immunotherapy. The amino acid sequences and
expression patterns of HSP105 are very similar between
humans and mice. HSP105 has been found to be immuno-
genic in mice and an effective anti-tumor immunity has
been observed after HSPI0S DNA vaccination [13] In
the present study, we set up a preclinical study to investi-
gate the usefulness of HSP105 as a target for cancer
immunotherapy using DCs. It has been reported that
HSPs can induce DC maturation and activation as deter-
mined by the upregulation of MHC class II and CD86
molecules, the secretion of IL-12 and TNFa [14,15], and
migration into draining lymphoid organs [16]. On the
contrary, some investigators reported that HSP-mediated
maturation of DCs was caused by contaminating lipo-
polysaccharide (LPS) fraction because endotoxin-free
HSP70 failed to induce DC maturation [17]. We herein
show that the highly purified HSP105 did not induce
DC maturation and that the immunization of HSP105-
pulsed DC led to the tumor rejection of melanoma and
colorectal cancer in mice. These findings suggested that
HSP105 itself could be a valuable tumor-associated anti-
gen applicable for DC-based immunotherapy of tumors
overexpressing it.

Materials and methods

Cell lines and mice. A subline of BALB/c-derived colorectal cancer cell
line Colon 26, C26 (C20), was provided by Dr. Kyoichi Shimomura
(Astellas Pharmaceutical Co., Tsukuba, Japan). Other cancer cell lines
were kindly provided by the Cell Resource Center for Biomedical
Research Institute of Development, Aging, and Cancer, Tohoku Univer-
sity (Sendai, Japan). All thesc cell lines were cultured in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum at 37 °C
in 2 humidified 5% CO, atmosphere. We used the B16-F10 melanoma cell
line syngeneic to C57BL/6 mice and €26 (C20) for the tumor challenge.
Female 6- to 8-week-old C5STBL/6 mice (H-2°) and BALB/c mice (H-29)
were purchased from Charles River Japan (Yokohama, Japan). These
mice were kept under specific pathogen-free conditions. These experiments
were approved by the. Animal Research Committee of Kumamoto
University.

Production of recombinant proteins. We produced highly purified
recombinant mouse HSP105 from the Escherichia coli strain BL21 cells
transduced with the mouse HSPI05 gene expression vector, as described
previously [18] Purified proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), and Coomassie
brilliant blue (CBB)-stained bands were quantified by densitometry.
Thereafter, by using affinity chromatography on a polymyxin B agarose
gel (Sigma Chemical Co., St. Louis, MO), the endotoxin levels were
decreased. We also produced highly purified recombinant myelin basic
protein (MBP) as described previously [19] Both recombinant HSP105
and MBP were estimated to be almost endotoxin fres by using Limulus
amebocyte lysate assay kit (BioWhittaker, Walkersville, MD), and endo-
toxin contents in these two materials were below 10 endotoxin U/mg,.

[munizations and tumor challenge. Bone marrow-derived DCs (BM-
DC) were prepared as described previously [20]. BM-DCs were pulsed
with 2 pg/ml HSP105 at 37 °C for 16 h, non-adherent and loosely adherent
proliferating DCs were collected and used as HSP105-pulsed BM-DC. In
fumor prevention experiments, mice were intraperitoneally inoculated
with HSP105-puised BM-DC (5 X 10%) suspended in 200 pl PBS on days
—14 and —7. In paraliel, groups of mice were injected with BM-DC alone
or PBS as controls. Tumor challenge was initiated by subcutaneous
injection with B16-F10- cells {1 x 10% or C26 (C20) cells (3% 10%) sus-
pended in 100 p! HBSS (Gibco, Grand Island, NY) in shaved right flanks
on day 0. Tumor occurrence was observed twice a week. The tumor size
was evaluated by measuring two perpendicular diameters using calipers.

Flow cytometric analysis. Staining of cells and analysis on a flow
cytometer (FACScan; BD Biosciences) were done as described previously
[21} Antibodies and reagents used for staining were as follows: FITC-
conjugated anti-I-A® (clone 28-16-8S; mouse IgG2a; Caltag, Burlingame,
CA), R-PEconjugated anti-mouse CD80 (clone RMMP-1; rat IgG2a;
Caltag), R-PE-conjugated anti-mouse CD86 (clone RMMP-2; rat 1gG2a;
Caltag), FITC-conjugated anti-mouse CD4 (clone L3T4; rat IgG2a; BD
PharMingen, San Diego, CA), FITC-conjugated anti-mouse CD8 (clone
Ly-2; rat 1gG2a; BD PharMingen), FITC-conjugated mouse 1gG2a con-
trol (clone G155-178; BD PharMingen), and R-PE-conjugated rat IgG2a
control {(clone LO-DNP-16; Caltag).

Depletion of CD4" T cells and CD8" T cells in mice. Rat monoclonal
antibodies (mAbs) GK1.5 specific to mouse CD4 and 2.43 specific to
mouse CD8 were used to deplete CD4* T cells and CD8* T cells in vivo,
respectively. The mice were injected with ascites (0.1 ml/mouse) from
hybridoma-bearing nude mice intraperitoneally on days —18, —15, ~11,
—8, —4, and —1 and the tumor cells were inoculated on day 0. Nommal rat
IgG (Sigma, St. Louis, MO; 200 pg/mouse) was used as a control. The
depletion of T cell subsets was monitored by a flow cytometric analysis,
which showed more than a 90% specific depletion in the number of
splenocytes.

Tmmunohistochemical analysis. Tmmunohistochemical detection of
HSP105 was done as previously described [11,12]. Rabbit polyclonal anti-
human HSP105 (Santa Cruz, Santa Cruz, CA) was used as the primary
antibody in this study. Immunohistochemical staining of CD4 and CD38
was done as previously deseribed [22] For the terminal deoxynucleotidyt
transferase-mediated nick end labeling (TUNEL) method, we used
ApopTag Fluorescein In Situ Apoptosis Detection Kits (Serologicals
Corporation, Norcross, GA).

Induction of CD4" T cells and CD8™ T cells specific to HSPI105. The
mice were inoculated intraperitoneally with HSP105-pulsed BM-DC on
days —14 and —7. Spleen cells were harvested on day 0, and CD4* T cells
and CD8" T cells were purified using the magnetic cell sorting system
(MACS) with anti-mouse CD4 (L3T4) mAb and anti-mouse CD8a (Ly-2)
mAb, respectively. The purity of these T cell subsets exceeded 95% by a
flow cytometric analysis. CD4" T cells or CD8™ T cells (3 X 10°fwell) were
separately incubated in RPMI 1640 medium supplemented with 10% horse
serum, I1-2 (100 U/mi), and 2-ME (50 pM) together with the irradiated
(4500 Gy) HSP105-pulsed BM-DC in 24-well culture plates. BM-DCs
(3x10%well) pulsed with 2pg/ml HSP105 for 16h were irradiated
(4500 Gy) and added to the culture wells for the restimulation once a
week. After the third restimulation in vitro, both proliferation and
cytotoxicity assays were performed as described previously [23] For the
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control of *'Cr-release assay, CD8" T cells isolated from the mice
immunized with BM-DCs alone were restimulated in vitro with BM-DCs
alone once a week and used as effector cells.

ELISPOT assay. HSP105-specific IFN-y production of T cells was
quantified using the appropriate ELISPOT kit (BD Biosciences, San
Diego, CA) according to the manufacturer’s instructions. CD4™ T cells or
CD8™" T cells were incubated with the BM-DC alone, BM-DCs pre-pulsed
with HSP105, or BM-DCs pre-pulsed with myelin basic protein (MBP) as
a control at 37°C for 24 h. Each BM-DC was pre-pulsed with 2 pg/ml
protein at 37°C for 16h. The spots were automatically counted and
subsequently analyzed using the Eliphoto system (MINERVA TECH,
Tokyo, Japan).

Statistical analysis. The statistical significance of the differences in the
findings between the experimental groups was determined by Student’s ¢
test. The overall survival rate was calculated using the Kaplan—-Meier
method, and statistical significance was evaluated using Wilcoxon’s test. A
value of P < (.05 was considered to be statistically significant.

Results
HSP 105 does not induce maturation of DCs

To analyze the direct effect of HSP 105 used in this study
on BM-DCs, BM-DCs were incubated with HSP10S, LPS
as a positive control, and left untreated for 16 h. As shown
in Fig. 1, no significant difference was observed in the levels
of surface expression of CD80, CD86, and I-A® between
untreated BM-DCs and HSP105-pulsed BM-DCs. More-
over, HSP105-pulsed BM-DCs microscopically did not
show any morphological changes in comparison to the
untreated BM-DC. On the contrary, LPS-pulsed BM-
DCs exhibited markedly increased expression of these three
molecules. Although it is reported that HSPs could induce

DC maturation and activation [14-16], the recombinant
HSP105 used in this study including little LPS (below 10
endotoxin U/mg) did not show such activity. Thereafter,
we evaluated the antigenicity of HSP105 to induce anti-tu-
mor immunity.

The HSP105-pulsed BM-DC vaccine induced anti-tumor
immunity against the lethal challenge of BI16-F10 and C26
(c20)

We recently reported that mouse HSP105 was also over-
expressed in the liver metastasis of C26 (C20) cells, and
lung metastase of the B16-F10 cells, and that HSPI05
DNA vaccination inhibited the growth of these tumors
[13). In this study, we investigated the effects of HSP105
vaccination based on DCs on the growth of B16-F10 and
C26 (C20) tumor cells in vivo. The objective was to deter-
mine whether prophylactic vaccination induced significant
immunity against tumor growth and a prolonged survival.
The protocol of vaccination in this study is shown in
Fig. 2A. The results shown in Fig. 2B demonstrate that
immunization with HSP105-pulsed BM-DC markedly
inhibited the growth of B16-F10 tumors in comparison to
other groups (P < 0.01). As shown in Fig. 2C, five of eight
(62.5%) mice immunized with HSP105-pulsed BM-DC
remained tumor free and survived for 100 days after the
tumor challenge. In contrast, the mice vaccinated with
BM-DC alone (12.5%) or PBS (0%) showed little protec-
tion against the growth of B16-F10 tumor in comparison
to the observations in mice treated with HSP105-pulsed

AQ B3 &
=5 B g g
we by Un- “wer woer
ekl 2 \ll freated zta cm
> =]
38 38 38
= = e
I “.: o L]
102 10" 102 10° 10* 10 10
I-AL-FITC CD80-PE CD86-PE
B Ab
MEI j-A MFI cD8o MEI CD86
1200 400 1600
300 1200
800 2
200 800
400 100 400
o Un. HSP 0 Un. HSP O . HsP
NCyreated 105 F°  NCyeateatos PS Crrcated 105 FS

Fig. 1. Expression levels of cell surface I-A®, CD80, and CD86 on BM-DCs, HSP105-pulsed BM-DCs, and LPS-pulsed BM-DCs were analyzed by flow
cytometric analysis. BM-DCs were pulsed with 2 pg/ml HSP105, 1 ug/mi LPS or left untreated for 16 h. (A) The expression levels in HSP105-pulsed BM-
DCs (filled histogram), LPS-pulsed BM-DCs (dotted line), and unireated BM-DCs (thick line), and the profiles of cells treated with isotype matched Ig as
a negative control for staining (thin line). (B) The mean fluorescence intensity (MFT) of 1-A®, CD80, and CD86 staining in the cells. The results are

representative of three independent experiments with similar results.
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Fig. 2. Protection against tumor growth of B16-F10 and C26 (C20) cells by immunization with HSP105-pulsed BM-DC vaccine. (A) Protocol of the
vaccination. The mice were immunized with PBS, BM-DC alone, and HSP105-pulsed BM-DC on 14 and 7 days before the tumor challenge. Seven days
after the second immunization, the mice were challenged with B16-F10 cells s.c. (B,C), or C26 (C20) cells s.c. (D,E). (B,D) The tumor size was evaluated by
measuring two perpendicular diameters. The result is presented as the mean area of tumor £ SE, and we evaluated statistical significance of the differences
between each group using the unpaired Student’s £ test. (C,E) The mice in each group were observed for their survival period. The statistical significance of

the differences between each group was evaluated using Wilcoxon’s test.

BM-DC (P <0.05). Similar results were observed in a
prophylactic immunotherapy model using C26 (C20). Four
of five (80%) mice immunized with HSP105-pulsed BM-DC
completely rejected the C26 (C20) (3 X 10% cells (Figs. 2D
and E), whereas tumors grew rapidly and all five mice died
within 70 days in control mice treated with PBS or BM-DC
alone. These results suggest that the HSP105-pulsed
BM-DC vaccine is a potent vaccine that can efficiently
induce specific anti-tumor immunity.

Both CD4* T cells and CD8" T cells are required for
anti-tumor immunity

To determine the role of CD4™ T cells and CD8™ T cells
in the protection against B16-F10 and C26 (C20) tumor
cells induced by HSP105 vaccination, we depleted mice of
CD4™ T cells or CD8" T cells by the treatment with anti-
CD4 or anti-CD8 mAb in vivo, respectively. During the
depletion procedure, the mice were immunized with
HSP105-pulsed BM-DC vaccine and challenged with
B16-F10 or C26 (C20) cells (Fig. 3A). In both B16-F10
and C26 (C20) models, mice depleted of CD4" T cells,
and CDS" T cells developed aggressively growing tumors

after the challenge in comparison to the findings in control
rmice treated with rat IgG (P < 0.05) (Figs. 3B and D). The
mice depleted of CD4" T cells or CD8* T cells all died by
5265 days, whereas more than 50% of the control mice
survived for 70 days (P <0.05) (Figs. 3C and E). These
results suggest that both CD4" T cells and CD8" T cells
play crucial roles in the protective anti-tumor mmunity
induced by the HSP105-pulsed BM-DC vaccine.

Vaccination of HSP105-pulsed BM-DCs induced
infiltrations of both CD4* T cells and CD8" T cells into
tumov cells, but not into normal organs :

Four of five (80%) mice immunized with the HSP105-
pulsed BM-DCs completely rejected challenges of C26
(C20) cells (3x 10% (Fig. 2E). To ascertain whether these
rejections were induced by CD4™ T cells or CD8" T cells,
the subcutaneous inoculation of many C26 (C20) cells
(1x10°) into the right flank was done at 7 days after the
second vaccination. After tumor formation, we removed
the tumor and immunohistochemically stained it using
anti-CD4 mAb, anti-CD8 mAb, and the TUNEL method.
The infiltration of CD4™ T cells and CD8" T cells into €26
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Fig. 3. Both CD4" and CD8" T cells are involved in the antitumor immunity elicited by the HSP105-pulsed DC vaccine. (A) Protocol for the vaccination
and the depletion of T cells. C57BL/6 mice and BALB/c mice were challenged s.c. with B16-F10 cells and C26 (C20) cells, respectively. (B,D) The tumor
size was evaluated by measuring two perpendicular diameters. The result is presented as the mean area of tumor + SE, and we evaluated the statistical
significance of the differences between each group using the unpaired Student’s ¢ test. (C,E) The mice in each group were observed for their survival period.
The statistical significance of the differences between each group was evaluated using Wilcoxon’s test.

(C20) tumors and some apoptotic C26 (C20) tumor cells
were observed in the mice vaccinated with HSP105-pulsed
BM-DCs, but never in the mice vaccinated with unpulsed
BM-DCs (Fig. 4A). These results suggest that HSP105-
pulsed BM-DCs have the potential to sensitize many
HSP105-specific CD4" T cells and CD8" T cells to kill
C26 (C20) tumor cells.

We evaluated the risk of autoimmunity by immuniza-
tion against self-HSP105. Both BALB/c and C57BL/6 mice
immunized with HSP105-pulsed BM-DC were apparently
healthy without any abnormality such as dermatitis, arthri-
tis, or neurological disorders. The tissues of the mice immu-
nized with HSP105-pulsed BM-DC were histologically
examined. The brain, liver, heart, kidneys, and spleen
bad normal structures and did not show any pathological
changes suggestive of an immune response, such as the
infiltration of CD4" T cells and CD8" T cells or tissue

206

destruction and repair. Although we used female mice for
the experiments described above, we also immunized male
mice with HSP105-pulsed BM-DC to ascertain whether
immunization with HSP105-pulsed BM-DC induced auto-
immunity in the testis in which HSP105 is strongly
expressed. However, no sign of autoimmunity was
observed in the testis (Fig. 4B).

Induction of HSP105-specific CD4* T cells and CD8™ T
cells by immunization with HSP105-puised BM-DC

CD4" T cell lines specific to HSP105 were established
from spleen cells derived from mice vaccinated with
HSP105-pulsed BM-DC. CD4" T cells were separated
from spleen cells and the purity of these cells was more
than 95% by flow cytometric analysis. These cells were
restimulated with irradiated and HSP105-pulsed DCs once
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Fig. 4. Vaccination of HSP105-pulsed BM-DCs induced infiltrations of both CD4* T cells and CD8" T cells into C26 (C20) tumor and induced the
apoptosis of C26 (C20) tumor celis. (A) C26 tumors removed from the mice vaccinated with BM-DCs or HSP105-pulsed BM-DCs were analyzed using
immunohistochemical staining with anti-CD4 mAb, anti-CD8 mAb, and the TUNEL method on 4 days after the inoculation of tumor cells (1 X 10%). (B)
Normal tissue specimens of mice vaccinated with HSP105-pulsed BM-DCs were examined histologically and immunohistochemically. Objective
magnification was 200x. The spleen was used as a positive control for the staining of both CD4" and CD8" cells.

2 week. After three restimulations, both an ELISPOT assay
and a proliferation assay were performed. The ELISPOT
assay showed that HSP105-sensitized CD4" T cells pro-
duced TFN-y in response to BM-DCs prepulsed with
HSP105 but not an irrelevant MBP (Fig. 5A). As shown
in Fig. 5B, HSP105-sensitized CDA' T cells proliferated
in the presence of BM-DCs prepulsed with HSP10S but
not MBP. These observations clearly indicated that
HSP105-specific CD4* T cells were included in the T cell
line.

We investigated whether HSP105-specific CDS8* T cells
were also induced with HSP105-pulsed DC vaccination.
CDS8* T cells were purified (>95%) from spleen cells of vac-
cinated mice and restimulated with irradiated and HSP105-
pulsed DCs once a week. After three restimulations, the
ELISPOT assay and 6 h >'Cr-release assay were performed
to detect the HSP105-specific CTL responses (Figs. 5C and
D). The CD8" T cell line exhibited a HSP105-specific pro-
duction of IFN-y in an ELISPOT assay when cells were
stimulated with BM-DCs prepulsed witt HSP105 but not
MBP (P < 0.01), however, the number of spots was smaller
than that of CD4" T cells (Fig. 5C). CD8" T cells immu-
nized with HSP 105-pulsed DC demonstrated a significant
cytolytic activity against the B16-F10 cells pretreated with
IFN-v to induce the expression of MHC class I molecules
on the cell surface, whereas CD8" T cells from mice immu-
nized with BM-DC alone revealed little cytolytic activity
(P <0.005) (Fig. 5D). The induction of HSP105-specific
CDS8" T cells by the immunization in vivo with HSP105-

pulsed BM-DC and the stimulation of the CD8" T cell line
in vitro with the HSP105-pulsed BM-DC strongly suggest-
ed that these HSP105-specific CD8" T cells were induced
by the cross-presentation of HSP105 by BM-DCs.

Discussion

HSPs are classified into several families based on their
apparent molecular weights, such as HSP105/119,
HSP90, HSP70, HSP60, HSP40, and HSP27 [24]
HSP105 consists of HSP1050, and HSP105B. HSP105a is
a constitutively expressed 105-kDa HSP that is induced
by a variety of stresses, whereas HSP105p is a 90-kDa trun-
cated form of HSP1050. that is specifically induced by heat
shock at 42°C [24]. In this study, we used the mouse
HSP105a protein. The cDNA sequence of murine HSP105
is almost the same as that of the Chinese hamster HSP110
[25,26], so HSP105 belongs to a member of the
HSP105/110 family. We recently reported by the immuno-
histochemical analysis that HSP105 is overexpressed in a
variety of human tumors [12], the liver metastasis of the
C26 (C20) cells in the BALB/c mice, and lung metastasis of
the B16-F10 cells in the C57BL/6 mice [13]. We examined
the expression of HSP105 in the mouse cancer cell lines
using a Western blotting analysis and found that HSP105
was strongly expressed in all 7 mouse cell lines tested (data
not shown).

Many studies have shown that certain HSPs purified from
a tumor can function as an effective vaccine against the same
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Fig. 5. Induction of HSP105-specific CD4" T cells and CD8™ T cells by stimulation with HSP105-pulsed BM-DCs. (A) An ELISPOT assay for IFN-y
production by CD4" T cell lines stimulated with HSP105 protein-pulsed BM-DCs. CD4™" T cells derived from the mice vaccinated with HSP105-pulsed
BM-DC were stimulated in vitro with HSP105-pulsed BM-DC three times. For the ELISPOT assay, these CD4* T cells were co-cultured with BM-DC
prepulsed with HSP105, MBP, or unpulsed BM-DC for 24 h. (B) Cell proliferation of CD4™ T coll lines stimulated with HSP105-pulsed BM-DCs was
determined by measuring [*Hthymidine incorporation. CD4™ T cells were co-cultured with BM-DC prepulsed with HSP105, MBP, or unpulsed BM-DC
for 72 h. (C) An ELISPOT assay for IFN-y production by CD8" T cell lines stimulated with HSP105-pulsed BM-DCs. CD8* T cells derived from mice
vaccinated with HSP105-pulsed BM-DC were stimulated with HSP105-pulsed BM-DC three times in vitro. For the ELISPOT assay, these CD8" T cells
were co-cultured with BM-DC prepulsed with HHSP105, MBP, or unpulsed BM-DC for 24 h. (D) CD8* T cells stimulated with HSP105-pulsed BM-DC or
BM-DC alone (control) were examined for their CTL activity against B16-F10 cells treated with JFN-y (10° U/ml) using 6 h >'Cr-release assay. The results
werc analyzed using the mean values of a triplicate or a quadruplicate assay. The data shown in A-D are each representative of three independent

experiments with similar results.

tumor by stimulating T cells with tumor-specific peptides
bound to HSPs. Subjeck and co-workers [27,28] reported
that tumor-derived HSP110—peptide complexes also stimu-
lated tumor immunity as other HSP families did in mice.
Despite studies establishing a chaperoning effect of HSPs,
one impediment to the full-fledged acceptance of HSPs as
peptide-transporting vehicles is the lack of mass spectromet-
ric data directly identifying HSP-associated peptides [29].
Stress-inducible proteins can be recognized by natural killer
cells and CTLs as whole antigens expressed on the surface of
stressed cells in humans [30]. Proteins dramatically upregu-
lated or modified under stressful conditions should lead to
increased presentation as do peptides presented by HLA
class I molecules. About 25 HSP-derived peptides bound
by HLA class I molecules have been identified through mass
spectrometry [30]. Cancer patients have been reported to
possess CTLs specific to HSP60-derived peptide [31], while
HLA-A*0201-restricted HSP70-derived CTL epitopes have
been identified in both an HLA-A*0201 transgenic mouse
model and in humans [32] In this study, although we did
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not identify HSP105-derived epitope peptides for CD4+ T
cells and CD8™ T cells, we did prove that HSP105 itself could
induce both CD4" Th-cells and CD8" CTLs specific to
HSP105 as a cancer antigen. Contrary to our findings, how-
ever, Subjeck and co-workers [28] reported that HSP110
immunization did not elicit anti-tumor immunity. This dis-
crepancy could be attributed to the difference in the methods
of immunization.

It has been reported that HSPs can induce the matura-
tion and activation of DCs as determined by upregulation
of MHC class II and CD86 molecules, secretion of the
IL-12 and TNFa [14,15]. However, HSP105-pulsed BM-
DCs did not show any changes in comparison to the
untreated BM-DC, thus suggesting that HSP105 did not
induce DC maturation and activation. It is unlikely that
HSP105 brought tumor-derived peptides into the culture
system, because the HSP105 used in this study was the
recombinant protein produced in E. cofi. Furthermore,
we recently identified HSP105-derived CTL epitopes
restricted by HLA-A*0201 or -A*2402 using HLA
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transgenic mouse model (unpublished data). These results
also supported that HSP105 served not as a mediator for
maturation of DCs, but as a cancer antigen eliciting tumor
immunity.

The results of the T cell depletion study showed that the
depletion of either CD4" T cells or CD8™ T cells abrogated
the anti-tumor immune response induced by the HSP 105-
pulsed BM-DC vaccine, and that both CD4" and CD8" T
cells play crucial roles in the protective anti-tumor immunity.
CDS8* T cells are thought to serve as the dominant effector
cell mediating tamor killing, in contrast, CD4" T cells are
thought to have an indirect role in providing help to CTL
as well as a direct role in tumor rejection [33]. It is interesting
that B16-F10 tumor celis that lack MHC class I were killed in
in vivo study. We suppose that CD4" T cells may have an
important role in this case. Peptides derived from HSP105
bound by MHC class IT on the surface of HSP105-pulsed
BM-DCs activate CD4™ T cells. The activated CD4™ T cells
can secrete [IFN-y upon stimulation with tumor local DCs
presenting tumor-derived HSP105 peptides, which contrib-
ute not only to activation of CD8" T cells but also to resto-
ration of MHC class I expression in B16-F10 cells. The
activated HSP105 specific CD8™ T cells can recognize the
peptides derived from HSP105 in the context of MHC class
1 and kill the B16-F10 cells.

In the field of cancer immunotherapy, most enthusiasm
has been directed toward the use of various cancer vac-
cines; peptide vaccines alone, peptide plus cytokines, vacci-
nation either with recombinant virus or with naked DNA
encoding tumor antigen, and peptide pulsed on DCs [34].
DCs represent the most potent antigen presenting cells
and also play an important role in the induction of specific
T cell response [35]. Peptides pulsed on DCs have been
reported to be the most effective vaccine in comparison
to DNA vaccine or peptide-adjuvant mixture [36]. In this
study, 62.5% and 80.0% of the mice immunized with
HSP105-pulsed BM-DC completely rejected B16-F10 cells
and C26 (C20) cells, respectively. On the other hand, only
50.0% of the mice immunized with the HSPI05-DNA vac-
cine rejected these tumor cells in our previous study [13].
Although a further comparative analysis of the vaccination
properties of these two strategics is required, our results
suggested that protein-pulsed DCs are a more powerful
vaccine than the DNA vaccine.

In this study, we used BM-DCs pulsed with HSP10S5 but
not with HSP105-derived peptide as a cancer vaccine. We
think that protein-pulsed DCs thus have an advantage over
peptide-pulsed DCs. DCs are the raajor cell type known for
its capacity to cross-preseni antigens [37] In this study,
HSP105-sensitized CD8" T cells responded to HSP105
in vitro by the stimulation of purified CD8" T cells with
HSP105-pulsed DCs. This result strongly suggested that
the HSP105-specific CDS8" T cells were activated via the
cross-presentation of HSP105 by BM-DCs. Although it
became evident that gp96- and HSP70-chaperoned pep-
tides can be presented to CTLs by DCs in the context of
MHC class T molecules [38,39], we herein provide the first

evidence that HSP itself can be cross-presented to CTLs by
DCs. HSP105-pulsed DC can present peptides derived
from exogenously added HSP105 in the context of not only
MHC class TI molecules on the surface of DCs to activate
CD4" T cells, but also MHC class I molecules by cross-pre-
sentation to activate CD8™ T cells. We herein showed the
induction of specific CD4" T cells and CD8" T cells in vivo
by stimulation with HSP105-pulsed DCs. The application
of the peptide-pulsed DC as potential vaccine is limited
to patients with the appropriate HLA alleles. To circum-
vent this limitation, we have used HSP105-pulsed DC to
induce a HSP105 specific T cell response. HSP105-pulsed
DCs offer the advantage of potentially presenting multiple
immunogenic T cell epitopes without the need of prior
knowledge of the individual patient’s HLA type.

The mechanism of action of HSP105-pulsed BM-DCs
injected intraperitoneally is still unclear. We think that
DCs injected in the abdominal cavity might immigrate into
mesenteric lymphatic vessels. Some DCs stay in mesenteric
lymph nodes, others circulate in the blood via the thoracic
duct and finally reach the spleen and bone marrow. Recent
experimental evidence suggested that peripheral DCs
migrate through the lymphatic vessels to the blood [40].
Although the present study showed that intraperitoneal
injection of DCs induced an effective anti-tumor immunity
in mice, comparison of effectiveness to other routes of
immunization with DCs, such as intravenous, subcutane-
ous, and intranodal, remains to be investigated.

In conclusion, our results indicate that HSP105 itselfisa
tumor rejection antigen which may possibly be useful for
cancer immunotherapy, and that HSP105-pulsed BM-DC
vaccinations can prime HSP105-specific T cells in vivo, to
prevent the subcutaneous growth of B16-F10 and C26 can-
cer cells expressing HSP105, without inducing autoimmune
destruction. Our findings suggest that HSP105-pulsed BM-
DC vaccination is a novel strategy for the prevention of
cancer in patients treated surgically, who are at high risk
for a recurrence of the cancer. Because of the overexpres-
sion of HSP105 in a variety of human tumors [12], clinical
trial of immunotherapy targeted against HSP105 may well
be applicable to various cancers.
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Summary

The o-haemolysin is an important virulence factor
commonly expressed by extraintestinal pathogenic
Escherichia coli. The secretion of the o-haemolysin is
mediated by the type | secretion system and the toxin
reaches the extracellular space without the formation
of periplasmic intermediates presumably in a soluble
form. Surprisingly, we found that a fraction of this
type | secreted protein Is located within outer
membrane vesicles (OMVs) that are released by the
bacteria. The o-haemolysin appeared very tightly
associated with the OMVs as judged by dissociation
assays and proteinase susceptibility tests. The o~
haemolysin in OMVs was cytotoxically active and
caused lysis of red blood cells. The OMVs containing
the o-haemolysin were distinct from the OMVs not
containing o-haemolysin, showing a lower density.
Furthermore, they differed in protein composition and
one component of the type | secretion system, the
TolC protein, was found in the lower density vesicles.
Studies of natural isolates of E. coli demonstrated
that the localization of o-haemolysin in OMVs is a
common feature among haemolytic strains. We pro-
pose an alternative pathway for the transport of the
type | secreted a-haemolysin from the bacteria to the
host cells during bacterial infections.

Introduction

The different protein secretion systems currently
described for Gram-negative bacteria establish how
secreted proteins are transported through the bacterial
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envelopes to the extracellular milieu, where the proteins
presumably then will diffuse in a soluble form to contact
the target molecules or tissues. However, recent studies
have shown that transport of secreted proteins to the
extracellular space may involve high-order complexes with
lipid membranes structures, the outer membrane vesicles
(OMVs) (Wai etal., 2003). From the surface of Gram-
negative bacteria there is a constant formation of OMVs,
presumably as a consequence of normal bacterial growth
and metabolism (Beveridge, 1999). Although the mecha-
nism of OMVs biogenesis is not fully understood, it has
been proposed that they may play a role in protein export,
virulence by mediating bacterial adherence to host cells,
transfer of DNA between different bacterial cells and eva-
sion of the immune system (Shoberg and Thomas, 1993;
Wai et al., 1995; Kolling and Matthews, 1999; Saunders
et al., 1999; Horstman and Kuehn, 2002; Wai et al., 2003),
When OMVs are formed, the different periplasmic proteins
are more or less efficiently included as luminal cargo
(Kadurugamuwa and Beveridge, 1995; Horstman and
Kuehn, 2000; Wai et al., 2003).

Secretion by the type | secretion system involves the
direct transfer of the proteins from the cytoplasm to the
extracellular space without the formation of periplasmic
intermediates through a contiguous protein transmem-
brane channel generated by the type | secretion appara-
tus (Felmlee and Welch, 1988; Thanabalu et al., 1998).
Therefore, the secretion of proteins by the type | secretion
system per se does not require any direct interaction
between the secreted protein and the cell membranes.
The a-haemolysin from Escherichia coli is an exotoxin
frequently associated with strains isolated from extraint-
estinal infections such as uropathogenic E. coli (UPEC)
and it is one of the best characterized examples of bac-
terial proteins that are secreted by the type | secretion
system. The o-haemolysin belongs to the family of RTX
toxins that include several bacterial proteins with con-
served protein features and common genetic organiza-
tion. The synthesis, activation and secretion of the o-
haemolysin are determined by the hlyCABD operon
(Welch, 1991). The a-haemolysin is synthesized in an
inactive form with a molecular weight of 110 kDa, which
is activated in the cytoplasm to the haemolytically active
form by HlyC, a fatty acid acyltransferase (Stanley et al.,
1998). The a-haemolysin is directly secreted from the
cytoplasm to the extracellular space through a transmem-
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brane channel! consisting of HiyB, HlyD and TolC (Thana-
balu et al., 1998). The inner membrane proteins HiyB and
HIyD are specific components of the transport apparatus
of the a-haemolysin whereas TolC is a multifunctional
protein located in the outer membrane of E. coli
(Wandersman and Delepelaire, 1990; Thanabalu et al.,
1998; Koronakis, 2003). The secreted a-haemolysin has
cytolytic and/or cytotoxic activity against a wide range of
mammalian cell types (Lally et al., 1999).

Interestingly, it has been described that a fraction of the
secreted a-haemolysin from E. coli remains located on
the bacterial cell surface (Oropeza-Wekerle et al., 1989).
In this work, we describe experiments aimed at determin-
ing the location of the a-haemolysin when it is secreted
from E. coli cells. Remarkably, our findings demonstrate
that a considerable portion of this type | secreted o-
haemolysin is associated with OMVs and that it is present
there in a physiologically active form. We suggest that
OMVs may play an important role in the transport/dissem-
ination of the o-haemolysin to the host cells tissue during
bacterial infections.

Results

A fraction of the secreted a-haemolysin is associated with
bacterial vesicles

To further localize the o-haemolysin upon secretion we
decided to investigate whether the secreted a-haemolysin
was associated with vesicles. The vesicles from cultures
of the o-haemolysin producing strain MC1061/pANN202-
312R and the strain MC1061/pACYC184 (vector control)
were isolated and analysed by electrophoresis. The isola-
tion procedure includes removing bacterial cells by filtra-
tion of the culture supernatant and an ultracentrifugation
step to collect vesicles from the cell-free culture superna-
tant (see Experimental procedures for details). The results
(Fig. 1A) revealed a major band of an estimated molecular

weight of 110 kDa detected in the vesicles isolated from
MC1061/pANN202-312R, corresponding presumably to
the o-haemolysin. That band was also detected in the
whole cell extract from the same strain. Furthermore,
there was no such band detected neither in the vesicles
nor in the whole cell extract from the control strain. By
immunoblot analysis with specific polyclonal anti o-
haemolysin antiserum, we confirmed that the detected
band represented the a-haemolysin (Fig. 1B). Ultrastruc-
tural analysis of vesicles was performed by electron
microscopy (EM). The vesicles produced by the strain
MC1061/pACYC184 were homogeneous in both size
(average diameter of 50 nm) and morphology (Fig. 1C).
On the other hand, the vesicles produced by the strain
MC1061/pANN202-312R, which expressed the o-
haemolysin, were heterogeneous (Fig. 1D). Two different
subpopulations of vesicles were detected: (i) smaller
vesicles that resemble in size and morphology those
observed in the samples of MC1061/pACYC184; and (ii)
larger vesicles (average diameter of 150 nm) with a thin-
ner margin, indicated with arrows in Fig. 1D. Taken
together, these results suggest that the secreted o-
haemolysin is present not only as a soluble secreted form,
but also associated with vesicles. In order to study the
relevance of this finding in relation to the current model of
secretion and transport of the a-haemolysin we consid-
ered that it would be of interest to estimate what percent-
age of the secreted a-haemolysin was vesicle-assaciated.
To test this, the amount of (i) total secreted c-haemolysin
in cell-free supernatants (before isolation of vesicles); (i)
soluble a-haemolysin (cell-free supernatant after removal
of the vesicles by centrifugation); and (jii) vesicle-associ-
ated o-haemolysin (vesicles collected by centrifugation)
were determined for three independent cultures of the
strain MC1061/pANN202-312R. For each culiure the
amount of total secreted o-haemolysin was given arbi-
trarily the vatue of 100. The results, given as a percentage,
indicated that most of the secreted a-haemolysin was

Fig. 1. The o-haemolysin is present in
vesicles.

A. Electrophoretical analysis of whale cell
extract (lanes 1, 2) and vesicles (lanes 3, 4) of
MC1061/pACYC184 (lanes 1, 3) and MC1061/
PANN202-312R (lanes 2, 4) cuitures. Coo-
massie blue stained 10% SDS-PAGE. Lane m:
molecular mass markers (size in kDa indicated
along the right side). The band corresponding
to the a-haemolysin is indicated with an
arrowhead.

B. Immunoblot analysis of the same samples
as in A using anti-o-haemolysin antibodies.

C and D. Electron micrographs of MC1061/
pACYC184 (C) and MC1061/pANN202-312R
(D) vesicles, bar equal to 100 nm.
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associated with vesicles (66 + 6%), whereas a smaller
fraction was present in a free soluble form in the super-
natant (34 + 6%).

The ao~-haemolysin is tightly associated to vesicles

The above results could indicate that either the o-
haemolysin was physically associated with the vesicles or
alternatively that the a-haemolysin copurified together
with the vesicles. To distinguish between the two possibil-
ities dissociation assays were performed (Fig. 2A). Treat-
ment of the vesicles with high salt concentration (either
1 M NaCl or 0.1 M Na,COs) did not extract the o-haemol-

a-Haemolysin release via outer membrane vesicles 101

observed with HEPES buffer alone. Treatment with urea
(0.8 M) did not affect the vesicle association of the o-
haemolysin (Fig. 2A). Moreover, dissociation assays with
increasing concentrations of urea (1.5 and 8 M) showed
that the interaction of the o-haemolysin with the vesicles
was highly resistant to the urea treatment (Fig. S1, Sup-
plementary material). We conclude that protein aggre-
gation could not be the reason for the presence of the o-
haemolysin in the vesicle preparation. However, treatment
with non-ionic detergent (0.5% Triton X-100) liberated all
the o-haemolysin to the supernatant as a result of the
vesicle membrane disruption. Control experiments using
soluble o-haemolysin did rule out the possibility that the

ysin from the vesicles to any greater extent than that o-haemolysin simply precipitated in presence of the high

A Triton B — 4+ + :SDS C
Buffer NaCl Na,CO, X-100 Urea — — + :PMSF
S S P S P S m + + +:PK 1 2 3 4

97

66-
45

anti-HIyA |2

D E

MC1061/
PACYC184

MC1061/pANN202-312R

Fig. 2. The a-haemolysin is tightly associated with the vesicles.

A. Dissociation assays using vesicles from MC1061/pANN202-312R. Samples of vesicles in 20 mM Tris HC! pH 8.0 were treated for 60 min on
ice in presence of: 20 mM Tris HCI pH 8.0 (buffer) or NaCl (1 M) or Na,COs (0.1 M) or Urea (0.8 M) or TritonX-100 (0.5%) respectively. The
samples were then centrifuged and the resulting pellets (P) and supernatants (S) were analysed by 10% SDS-PAGE and Silver stained.

B. Proteinase K susceptibility assay. Equal amounts of vesicles from MC1061/pANN202-312R were treated with 0.5 pg mi™ of proteinase K (PK).
When indicated 1% SDS and 1 mM PMSF, a proteinase K inhibitor, were added. Samples were analysed in 10% SDS-PAGE and either sitver
stained (upper panel) or subjected to immunoblot analysis using polyclonal anti-a-haemolysin serum (bottom panel). in A and B lane m
corresponds to the molecular mass markers (size in kDa indicated along the left side). )

C. immunoblot analysis using the monoclonal anti-a-haemolysin antibody E2 of the whole cell extract (lanes 1 and 3) and vesicles preparations
(lanes 2 and 4) of cultures of the strains MC1061/pANN202-312R (lanes 1 and 2) and MC1061/pACYC184 (lanes 2 and 4). In A-C the band
corresponding to the a-haemolysin is indicated with an arrowhead.

D~E. Immunogold-iabelling (10 nm diameter gold particles) of HlyA using the monoclonal antibody E2 and vesicle preparations isolated from the
strains MC1061/pACYC184 (Fig. 2D) and MC1061/pANN202-312R (Fig. 2E). The right panel in Fig. 2E is an enlargement of the indicated area
in the left panel. Bars; 100 nm.
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concentration of salts and thereby was recovered together
with the vesicles (data not shown). Therefore, we con-:
clude that the o-haemolysin was associated tightly with
the vesicles and only when the membrane structure was
disrupted did the toxin appear in soluble form. Proteinase
K protection assays supported the above results. As
shown in Fig. 2B, when vesicles from MC1061/pANN202-
312R were incubated with Proteinase K in presence or
absence of SDS, proteolytic digestion of the a-haemolysin
was detected in presence of detergent (1% SDS) but no,
or very little, digestion occurred in absence of the mem-
brane disrupting agents, indicating that the a-haemolysin
was partially protected by the vesicle structure. Control
experiments using soluble o-haemolysin showed that the
protein was proteinase K-sensitive both in presence or
absence of the detergent.

In order to test if free a-haemolysin might readily attach
to OMVs, experiments were performed where purified o-
haemolysin was mixed with OMVs from a non-haemolytic
strain (MC1061/pACYC184). However, no spontaneous
association of the soluble o-haemolysin with the OMVs
from MC1061/pACYC184 was detected (data not shown).

Electron microscopy analyses by immunogold-labeliing
of HiyA in vesicle preparations from the strains MC1061/
pACYC184 and MC1061/pANN202-312R were performed
using an anti-HlyA monoclonal antibody. As shown by
Western blot, the antibody specifically recognized the o-
haemolysin in both total cell extract and vesicle prepara-
tions from the strain MC1061/pANN202-312R and did not
cross-react with proteins from the control strain MC1061/
pACYC184 (Fig. 2C). Furthermore, in the EM analyses a
positive gold labelling was only detected in case of the
vesicle preparations from strain MC1061/pANN202-312R
(Fig.2D and E). Interestingly, no gold deposition was
found in areas with intact vesicles but intense deposition
of gold particles was detected only in areas where vesi-
cles structures seemed disrupted. (Fig. 2E).

The vesicles produced by haemolytic strains are OMVs

Presumably different kinds of vesicles could in principle
be produced by Gram-negative bacteria: vesicles contain-
ing both outer and inner membranes and vesicles contain-
ing only either type of membrane. To determine the nature
of the vesicles from the strain MC1061/pANN202-312R
we monitored the presence of specific protein markers for
the outer membrane, innet membrane and the cytosol
(Fig. 3). The presence of two outer membrane proteins,
OmpA and TolC, was detected using specific polyclonal
antibodies in both whole cell extract and vesicles from
MC1061/pANN202-312R. To detect the presence of inner
membrane in vesicle preparations, the NADH oxidase
activity, a well established inner membrane marker was
determined. As controls, both outer and inner membranes

B
NADH oxydase activity
mM/min tei
anti-OmpA ( min x g protein)
™M 1.21
anti-TolC OM 021
Vs 0.018

anti-CRP

Fig. 3. Composition of the vesicles produced by MC1061/
pANN202-312R.

A. Immunoblot analyses of both whole cells extract (WC) and vesicles
preparations (Vs) from cultures of MC1061/pANN202-312R using the
specific antisera indicated. WC was loaded the equivalent to 75 pl of
a culture with an ODsqo of 0.8; Vs was loaded the vesicles recovered
from 4 ml of a culture with an ODgq, of 0.8.

B. NADH oxidase- specific activity of inner membrane (IM), outer
membrane (OM) and vesicle (Vs) preparations of MC1061/
pANN202-312R.

were isolated from MC1061/pANN202-312R. The specific
NADH oxidase activity detected in vesicle preparations
was very low when compared with the inner membrane
fractions. Furthermore, immunoblotting indicated that the
cytoplasmic protein CRP was absent from the vesicles.
These results strongly indicated the absence of inner
membrane in the vesicles and we conclude that the ves-
icles from c-haemolysin-producing E. coli were OMVs.

The a-haemolysin associated with OMVs is active

To investigate if the a-haemolysin associated with OMVs
was active we tested it in different assays. The cytolytic
activity against red blood cells was tested by measuring
the release of haemoglobin after co-incubation of horse
blood with OMVs from both MC1061/pACYC184 and
MC1061/pANN202-312R strains. The results (Fig. 4A)
provided clear evidence for cytolytic activity associated
with the OMVs from MC1061/pANN202-312R but there
was - little or no such activity in the OMVs from MC1061/
pACYC184. Furthermore, virtually no haemoglobin
release was detected in absence of calcium, which is
consistent with the fact that the activity of the a-haemol-
ysin is calcium-dependent. The activity of the o-haemol-
ysin associated with OMVs was also tested on nucleated
cells by monitoring the induction of cell detachment using
HeLa cells monolayers. When testing either the bacterial
cultures or the cell-free supernatants (including OMVs)
from the strain MC1061/pANN202-312R we observed
massive loss of the Hela cell monolayer, more than 50%
of the cells were detached after 90 min (Fig. 4B). A similar
level of cell monolayer disruption was observed when
OMVs from the o-haemolysin producing bacteria were
tested. In contrast, no disturbance of the HelLa cell mono-
layer was observed when samples of the negative control
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Fig. 4. The a-haemolysin present in OMVs is active.

A. Haemolytic activity of OMVs isolated from cultures of MC1061/
pACYC184 and MC1061/pANN202-312R in either the absence
(grey bars) or the presence (black bars) of 10 mM CaCl,.

B. Hela cell monolayer detachment activity. Percentage of remaining
attached Hela cells, measured as ODsg,, after 90 min incubation in
presence of either bacterial culture or filtered supernatant or OMVs
preparation from strains MC1061/pACYC184 and MC1061/
PANN202-312R. The results are the average of three independent
experiments. For each experiment the ODs, after incubation in pres-
ence of buffer (control) was given arbitrarily the value 100. The error
bars indicate the standard deviation among the experiments.

strain MC1061/pACYC184 were tested. Taken together,
these results confirm that the o-haemolysin present in
OMVs was active in both lytic (on red blood cells) and
non-lytic (on Hela cells) assay systems.

The localization of the a-haemolysin in OMVs is
independent of the HlyC-mediated fatty acid acylation

The activity of the a-haemolysin is strictly dependent of a
fatty acid acylation catalysed by HlyC in the cytoplasm.
Previously, it has been described that the acylation is not
required for the secretion of the o-haemolysin (Stanley
etal, 1998).To find out whether the localization of the
o-haemolysin in OMVs requires this post-transiational
modification, OMVs from strains W3110/pANN202-812
(hlyAThlyC*), W3110/pANN202-812B (hlyA'hlyC) and
W3110/pBR322 (vector control) were isolated and analy-
sed both electrophoretically and by EM. The results
(Fig. 5A) indicated that both the acylated o-haemolysin
and the non-acylated o-haemolysin were present in
the OMVs. EM analysis showed that OMVs containing
the non-acylated o-haemolysin (from strain W3110/
pANN202-812B, hlyA*hlyC) appeared identical to the
OMVs containing acylated o-haemolysin (Figs 5B and
1D). We here show resulis obtained with the E. coli K-12
strain  W3110 background. The results with strain

© 2005 The Authors
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MC1061/pANN202-812B were completely consistent
(data not shown). This comparison also thereby verified
that the findings on HiyA in OMVs obtained with the
MC1061 derivatives were not a strain-specific phenome-
non. We conclude that the association of the o-haemol-
ysin to OMVs is independent of the HlyC-mediated fatty
acid acylation.

It was earlier shown that haemolysin is, after synthesis,
rapidly detected in culture supernatants (Felmlee and
Welch, 1988). To study the kinetics of the localization of
newly synthesized o-haemolysin in OMVs, proteins were
labelled by a 20s pulse of radiolabelled methionine
and soluble and OMVs fractions from supernatanis of
MC1061/pANN202-312R cultures were analysed (see
Experimental procedures for details). Newly synthesized
o-haemolysin was appearing within 20 s labelling period
in both fractions: OMVs and soluble (Fig. 6). The result
shown is fully consistent with the data on the kinetics of
total secreted a-haemolysin previously published (Felm-
lee and Welch, 1988) and suggests a very quick associ-
ation of the newly synthesized o-haemolysin with the
OMVs. Furthermore, a quantification of the radiolabelied
o-haemolysin in OMVs and in the soluble form showed
that a great majority (> 90%) of the newly synthesized o-
haemolysin was associated with the OMVs and thereby
the result was consistent with previous estimations.

A particular feature of the secretion of the a-haemolysin
is that it is dependent on a domain located in the carboxy
terminal domain of the protein. It is known that the 23 kDa
carboxy terminal domain of the a-haemolysin is sufficient
for the export through the membranes (Nicaud etal.,
1986). Experiments with an epitope-tagged construct

Fig. 5. The localization of the o-haemolysin in OMVs is independent
of the HiyC-mediated acylation.

A. Electrophoretical analysis {Coomassie stained 10% SDS-PAGE)
of the OMVs preparations of the strains W3110/pBR322 (vector
control, v.c), W3110/pANN202-812 (hiyA* hlyC*) and W3110/
pANN202-812B (hlyA* hlyC). The band corresponding to the
o-haemolysin is indicated by an arrowhead.

B. Electron micrographs of W3110/pANN202-812B OMVs. Bar;

100 nm.
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Fig. 6. The localization of the a-haemolysin in OMVs is very fast after
synthesis and secretion. Electrophoretical analysis (10% SDS-PAGE)
of the OMVs and solubie fractions of the supernatant of cultures of
the strain MC1061/pANN202-312R after [**S]Methionine was incor-
porated for 20 s. The length of the chase period is indicated at the
top in seconds. The band that was identified by immunoblot as the
a-haemolysin (data not shown) is indicated with an arrowhead.

of the 23 kDa C-terminal secretion signal of the o-
haemolysin (Fernandez et al., 2000) were performed to
investigate whether the carboxy terminal domain itself
also could determine the localization of the o-haemolysin
in the OMVs. The results obtained indicated that this
domain, which is essential for its secretion, is not sufficient
for its localization in the OMVs (Fig. S2, Supplementary
material).

Altered protein composition and morphology of
a-haemolysin containing OMVs

The presence of a fraction of larger OMVs in the prepa-
rations of MC1061/pANN202-3012R but not in MC1061/
pACYC184 (Fig. 1) led us to hypothesize that the larger
OMVs harboured the a-haemolysin. To test this hypothe-
sis, the OMVs from MC1061/pANN202-312R were frac-
tionated in a density gradient and the fractions obtained
were analysed for the protein composition (Fig. 7A).
The protein bands corresponding to OmpA and the o-
haemolysin were identified by Western blotting (data not
shown) and the relative content of these proteins in the
different fractions was quantified and plotted (Fig. 7B).
The gradient profile of OmpA indicated the existence of
two populations of OMVs with different density that
peaked in fractions No. 9 and No. 15 respectively. The
detection of lipopolysaccharide (LPS) by silver staining
after SDS-PAGE analysis of the different Optiprep gradi-
ent fractions also suggested that OMVs were distributed
in the density gradient as two peaks around fractions No.
9 and No. 15 respectively (data not shown). Interestingly,

most of the o-haemolysin (> 70%) was present in the
same fractions as the low-density OMVs (fractions 9-10).
When the calcium-dependent cytolytic activity against red
blood cells was monitored (Fig. 7C), the maximal activity
was detected, as expected, in case of the fractions con-
taining the o-haemolysin-enriched OMVs. Notably, the
TolC protein, the outer-membrane component of the type
| secretion machinery, was only detected in the fractions
containing the majority of the a-haemolysin. In fact, more
than 95% of the total TolC was found in the fractions No.
9 and No. 10 by immunoblot analysis (Fig.7D). The
absence of detectable TolC in the fractions No. 14 and No.
15, which contained similar amounts of OmpA protein,
indicates a differential protein composition of the OMVs
containing a-haemolysin versus the OMVs not containing
a-haemolysin. Silver staining analyses of the protein con-
tent of the fractions No. 9 and No. 15 revealed additional
differences in the protein composition (Fig. 7E). Similar
protein profiles as that of fractions No. 9 and No. 15 were
observed in the case of fractions No. 10 and No. 14
respectively (data not shown). Thin-layer chromatography
(TLC) studies indicated that the phospholipids composi-
tion was not altered in the OMVs of strains producing o-
haemolysin when compared with the control strain. Fur-
thermore, no significant differences in the phospholipids
composition were detected between the two population of
OMVs separated by fractionation in a density gradient,
fractions No. 9 and No. 15 (Fig.S3, Supplementary
material).

Electron microscopy analyses were performed on
fractions No. 9 and No. 15 as well as on the OMVs
sample used for the vesicle fractionation (input). As
shown in Fig. 7F the vesicle preparation from MC1061/
pANN202-312R (input) contained two clearly different
subpopulations of OMVs (see also Fig. 1D). In the frac-
tion No. 9 we observed a clear enrichment of the larger
OMVs with thinner margin that were only detected in
preparations from strains producing o-haemolysin. By
using the difference in size among OMVs, we could esti-
mate that in the input the amount of large OMVs
(> 150 nm) was approximately 4% (n=1200), although
in the fraction No. 9 it was approximately 25% (n= 190).
Moreover, most of small OMVs (< 150 nm) observed in
the fraction No. 9 had the thinner margin like that
observed in case of the large OMVs and different from
the appearance of the margin of the OMVs recovered in
fraction No. 15. Furthermore, most of the OMVs present
in the fraction No. 15 resembled the vesicles that were
detected in OMVs preparations from the control strain.
As most of the o-haemolysin and the haemolytic activity
were detected in fraction No. 9 we concluded that these
low density vesicles are the ones containing the o-
haemolysin. When OMVs from the strain MC1061/
pACYC184 (vector control) were fractionated in an
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Fig. 7. Density gradient fractionation of OMVs from MC1061/pANN202-312R.

A. Electrophoretical analysis (Coomassie stained 10% SDS-PAGE) of the density gradient fractions from top (No. 1, lowest density) to bottom
{(No. 17, highest density) from MC1061/pANN202-312R OMVs. The bands corresponding to the o-haemolysin and OmpA are indicated. Lane m,
molecular mass markers (size in kDa indicated along the left side); lane i, input OMVs from MC1061/pANN202-312R.

B. The quantification of the amounts of o-haemolysin (triangles) and OmpA (squares) in the different fractions was performed by densitometry
and plotted on a relative scale.

C. Haemolytic activity of the gradients fractions from A either in presence (black bars) or in absence (grey bars) of calcium. The haemolytic activity
of the input is shown by the leftmost columns (i).

D. Immunoblot analysis of the different fractions using anti-TolC serum.

E. Silver staining analysis after 10% SDS-PAGE of the proteins present in fractions No. 9 and No. 15. A densitometric analysis of the silver
stained protein bands is shown in the lower panel. The bands corresponding to the a-haemolysin and OmpA are indicated by vertical arrowheads.
F. Electron micrographs of OMVs from MC1061/pANN202-312R (i: Input); fractions No. 9 and No. 15. Bar equal to 250 nm.

Optiprep gradient and OmpA was detected, a uniform Localization of secreted a-haemolysin in OMVs from
population of OMVs was observed, which migrated different E. coli isolates

through the gradient in a manner similar to that of the

fractions No. 14—15 from the MC1061/pANN202-312-R To determine if the transport of the o-haemolysin by
OMVs preparations (data not shown). OMVs was a common feature in haemolytic E. coli strains
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we used four different isolates from both human and ani-
mal hosts, the strains ER52, ER53, ER54 and ERG0.
These strains belong to the B2 subgroup (typical of
extraintestinal E. coli) of the E. coli standard collection of
reference and express different amounts of a-haemolysin
(Lai etal, 1999). Vesicle preparations from the four
strains were isolated and analysed (Fig. 8A). Immunoblot
analysis using anti-o-haemolysin antisera confirmed the
presence of o-haemolysin in the vesicles isolated from the
four strains and haemolytic activity assays confirmed that
the o-haemolysin in the OMVs was active (data not
shown). Studies of the protein profile of the vesicles by
detecting specific components of the outer and inner
membranes indicated that the vesicles produced by these
strains were in all cases OMVs (data not shown). Using
the quantitative determination of OmpA by Western blot
as an estimation of OMVs produced, the strains ER52,
ER54 and ER60 produce apparently the same amount of

OM
Periplasm

m™m
Cytoplasm

. §\ .
typel secretion ® a-haemolysin

system

Fig. 8. The localization of a-haemolysin in OMVs is a common fea-
ture among haemolytic E. coli strains.

A. Immunoblot analysis of vesicles from the strains ER52, ER53,
ERS54 and ERGO using anti-a-haemolysin antisera. The band corre-
sponding to the o-haemolysin is indicated with an arrowhead. In the
gel the OMVs isolated from 10 ml supernatant of a culture with an
ODggo 0f 0.8 were loaded.

B. Atomic force microscopy imaging of OMVs from strain ER60. The
insert highlights an example of the larger vesicles in the preparation.
Bar equals to 100 nm. )

C. Model of secretion and OMVs localization of the a-haemolysin
(see text).

OMVs. Interestingly the strain ER53 seems to produce a
significant lower amount of OMVs (sixfold lower amount
of OmpA was detected). The percentage of the soluble
and OMVs-associated o-haemolysin was estimated and
found to vary dependent on the strain. The average per-
centage of OMVs-associated o-haemolysin was 2.5%,
1.7%, 14.3% and 31.4% for the strains ER52, ER5S,
ER54 and ER60 respectively. The values were lower than
in the case of strain MGC1061 (66%) mentioned above but
rather similar to estimates obtained with E. coliK-12 deriv-
atives W3110 and MG1655 (17% and 11% respectively).

Outer membrane vesicles produced by the strain ER60
were visualized by atomic force microscopy (Fig. 8B).
Similarly to what was described above for the o-haemol-
ysin producing K-12 strains two types of vesicles were
found: small vesicles with a diameter of approximately 50—
70 nm and a minor subpopulation of larger vesicles with
a diameter of 150-200 hm. We conciude that the features
of OMVs from the laboratory strains are found also in the
cases of natural and clinical E. coli isolates.

Discussion

The secretion of the a-haemolysin is the prototype for the
type | secretion system, a sec-independent system where
the proteins are translocated in a one-step process to the
extraceliular media in a soluble form, without a periplas-
mic intermediate (see model in Fig. 8C). The present
study establishes that a clearly recognizable fraction of
the secreted o-haemolysin is, in fact, associated with
OMVs. Analyses of the vesicle fraction by dissociation
assays and density gradients showed that the a-haemol-
ysin was tightly associated with the OMVs. Interestingly,
OMVs fractionation and EM structural studies suggested
that the OMVs containing a-haemolysin are characterized
by their larger size, thinner margin and lower density when
compared with the non-o-haemolysin containing OMVs.
Moreover, our results showed that the protein composition
was different between the two types of OMVs and we
found that a type | machinery component, the TolC pro-
tein, was associated to the o-haemolysin containing
OMVs. These results suggest that the o-haemolysin is
preferentially localized in OMVs with a particular protein
composition. Most of the experiments performed in this
work were done in the E. coli strain MC1061, which was
empirically chosen by being a high OMVs producer strain.
The strain MC1061 is galE15 galU galK16 (Casadaban
and Cohen, 1980), which might affect LPS composition.
However, the localization of the o-haemolysin in OMVs
was also observed in wild-type strains such as W3110 and
MG 1655 (Fig. 5 and C. Balsalobre, unpubl. data) and the
ECOR strains (Fig. 8A), ruling out the possibility that the
phenotype observed was unique for a particular strain.
Tests with an rfaG mutant derivative of strain W3110 indi-
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cated that a higher percentage of a-haemolysin was local-
ized to the OMVs when compared with the wild-type
isogenic strain (our unpublished data). Perhaps the LPS
structure of the bacteria can influence the localization of
the o-haemolysin. This could then be the reason for the
observed differences with different natural isolates. Fur-
thermore, that would also provide a possible explanation
for the earlier reported phenotypes of rough LPS-produc-
ing strains that showed a decrease in the amount of active
secreted o-haemolysin (Stanley et al., 1993; Wanders-
man and Letoffe, 1993; Bauer and Welch, 1997).

The production of OMVs is a common phenomenon for
most Gram-negative bacteria (Beveridge, 1999). The role
of OMVs in export and targeting of bacterial toxins is an
emerging new concept. It has been proposed that the
heteromeric heat-labile enterotoxin (LT) produced by
enterotoxigenic E. coli (ETEC), after it is secreted to the
extracellular milieu by the general secretion pathway, is
interacting with the LPS and released from the bacterial
surface by OMVs (Horstman and Kuehn, 2002). Recently,
it has been shown that an OMVs-mediated transport path-
way is responsible for both (i) the export of the pore-
forming cytolysin A (ClyA) from the bacteria and (ii) the
activation of the ClyA cytotoxin by altering its redox status
(Wai et al., 2003). The mechanism of secretion of the o-
haemolysin, by the periplasmic-independent type | path-
way, differs completely from the toxins described above
and there is no resemblance in protein sequence or struc-
ture. Our present results indicate that export of secreted
proteins via OMVs not necessarily would require a peri-
plasmic localization of the proteins during the secretion
process. It seems likely that the protein transport to the
extracellular milieu via OMVs may occur independently of
the mechanism of protein secretion.

Our findings provide the first evidence that physiologi-
cally active a-haemolysin is associated with OMVs. How-
ever, the HlyC-mediated acylation, which is essential for
the activity, was evidently not required for the localization
of the a-haemolysin in the OMVs (Fig. 5). Previous stud-
ies have shown that the acylation of the a-haemolysin is
not required for the stable association of the a-haemolysin
with erythrocytes (Bauer and Welch, 1996; Moayeri and
Welch, 1997). An intriguing question is whether the local-
ization of the a-haemolysin in OMVs affects the activity of
the toxin compared with the soluble form. At present, it is
not possible for us to provide answer to this but we con-
clude that both forms were active. The well documented
instability of the o-haemolysin (Welch, 1991) and the
experimental design of the process of purification of
OMVs did not allow us to quantitatively compare the activ-
ities of the two forms of the toxin.

A schematic model is summarized in Fig.8C. An
intriguing possibility is that formation of OMVs occasion-
ally may occur where the type | secretion machinery is
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assembled. As a consequence, the a-haemolysin protein,
perhaps together with some secretion system compo-
nents (e.g. TolC), would be incorporated into the OMVs
before leaving the bacterial cell. If so, the secretion system
may affect the composition of the OMVs. At present we
have no detailed information about the localization, topol-
ogy and possible functional interactions of the proteins in
the OMVs. Future studies will hopefully reveal if, e.g. TolC
and/or other components are forming a type | secretion
pore structure or if they may generate a special type of
OMVs when localized with the Hly proteins. It will also be
of interest to assess if accessory proteins like HlyB and/
or HlyD are appearing in the OMVs.

All the results described here are compatible with the
current model of how the a-haemolysin is translocated
over the bacterial envelope when secreted by the type |
secretion system from E. coli. Our findings are also con-
sistent with the earlier reported observation that secreted
o-haemolysin appeared to be localized on the surface of
the bacteria (Oropeza-Wekerle et al., 1989). After secre-
tion to the extracellular space the o-haemolysin presum-
ably binds to the bacterial surface and then it may be
released in a relatively concentrated fashion by being
associated with the OMVs. All our results obtained by
different approaches (dissociation assays, proteinase
susceptibifity, immunogold labelling and the inability
of externally added o-haemolysin to bind MC1061/
pACYC184 OMVs) suggest that the a-haemolysin asso-
ciated to the OMVs is not entirely exposed but somehow
protected by the OMV structure (Fig. 2). No proteinase K
digestion was detected when the vesicle structure was
intact (no detergent added). Interestingly, an intense dep-
osition of gold particles was only detected in areas where
vesicles structures seemed disrupted. When intact vesi-
cles were observed, littte or no gold deposition was
detected (Fig. 2E). These results are consistent with the
suggestion that the o-haemolysin in the intact vesicles is
not exposed and was only recognized by the monoclonal
antibody when disruption of the vesicle structure had
occurred.

Our results obtained by both biochemical and micros-
copy methods suggested a localization of the o-haemol-
ysin not much exposed on the surface of the OMVs when
we studied native samples of (i.e. non-fixed) OMVs. In the
work by Oropeza-Wekerle et al. (1989), the a-haemolysin
was detected in association with the cell-membranes
by using immunogold Ilabelling with polyclonal anti-o-
haemolysin antisera on glutaraldehyde-fixed cells. Meth-
odological differences between these studies may explain
the apparent differential degree of exposure of the toxin
when associated with membranes.

Another type | secreted protein has been described to
be associated to membrane vesicles, the leukotoxin of
Actinobacillus actinomycetemcomitans. Characterization
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