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ABSTRACT Mice immunized with heat shock proteins
(hsps) isolated from mouse tumor cells (donor cells) produce
CD8 cytotoxic T lymphocytes (CTL) that recognize donor cell
peptides in association with the major histocompatibility
complex (MHC) class I proteins of the responding mouse. The
CTL are induced apparently because peptides noncovalently
associated with the isolated hsp molecules can enter the MHC
class I antigen processing pathway of professional antigen-
presenting cells. Using a recombinant heat shock fusion
protein with a large fragment of ovalbumin covalently linked
to mycobacterial hsp70, we show here that when the soluble
fusion protein was injected without adjuvant into H-2b mice,
CTL were produced that recognized an ovalbumin-derived
peptide, SIINFEKL, in association with Kb. The peptide is
known to arise from natural processing of ovalbumin in H-2b

mouse cells, and CTL from the ovalbumin-hsp70-immunized
mice and a highly effective CTL clone (4G3) raised against
ovalbumin-expressing EL4 tumor cells (EG7-OVA) were
equally effective in terms of the concentration of SIINFEKL
required for half-maximal lysis in a CTL assay. The mice were
also protected against lethal challenge with ovalbumin-
expressing melanoma tumor cells. Because large protein
fragments or whole proteins serving as fusion partners can be
cleaved into short peptides in the MHC class I processing
pathway, hsp fusion proteins of the type described here are
promising candidates for vaccines aimed at eliciting CD8 CTL
in populations of MHC-disparate individuals.

The cytotoxic T lymphocytes (CTL) that play an important
role in protective cellular immunity, including the destruction
of virus-infected cells, are predominantly CD8 T cells (1, 2).
Antigen-specific activation of these cells depends on their
recognition of peptide–major histocompatibility complex
(MHC) complexes, which normally arise within antigen-
presenting cells by proteolytic cleavage of cytosolic proteins
(3). Translocated into the endoplasmic reticulum, the resulting
peptides bind to nascent class I MHC molecules for transport
to the cell surface (4). Because intact proteins in the extra-
cellular medium do not ordinarily penetrate into a cell’s
cytosol, soluble proteins typically fail to stimulate mice to
produce CTL (5), although there are exceptions (6).

In comparison with other proteins, the soluble heat shock
protein (hsp) termed gp96 is an unusually effective stimulator
of CD8 CTL (7). Mice injected with gp96 isolated from tumor
cells (donor cells) produce CTL that are specific for donor cell
peptides in association with the responder mouse’s class I
MHC proteins (8, 9). Because donor peptides are bound
noncovalently by the isolated hsp, the results suggest that the

hsp molecules are capable of delivering noncovalently associ-
ated peptides to MHC class I proteins of other (recipient) cells,
including antigen-presenting cells.

The noncovalently bound peptide–gp96 complexes that are
purified from a tumor cell appear to represent a broad array
of proteins expressed by the cell (10, 11). In contrast, recom-
binant hsp fusion proteins in which specific proteins of interest
are covalently linked to the hsp would provide a well charac-
terized polypeptide that would lack extraneous peptides. In
addition, a large protein fragment covalently linked to the hsp
would be an especially rich source of many different naturally
processed peptides. Peptide mixtures of this kind, derived from
specific antigens of interest, would be particularly suitable for
forming intracellular peptide–MHC complexes with the highly
diverse MHC proteins found in different individuals of genet-
ically outbred populations.

We have accordingly taken advantage of a recombinant
hsp70 protein expression vector that permits diverse proteins
and peptides to be fused to the amino terminus of mycobac-
terial hsp70. We have previously shown that Mycobacterium
tuberculosis hsp70 can be used as an adjuvant-free carrier to
stimulate the humoral and cellular response to a full-length
protein that is covalently linked to the hsp (12). The special
properties of hsp70 prompted us to investigate whether soluble
hsp70 fusion proteins could be utilized to elicit MHC class
I-restricted CD81 CTL.

We show here that a soluble hsp70 fusion protein having a
large fragment of chicken ovalbumin (ova) as fusion partner
could, in the absence of adjuvants, stimulate H-2b mice to
produce ovalbumin-specific CD8 CTL. The CTL recognized
an immunodominant ovalbumin octapeptide, SIINFEKL,
known to be a naturally processed peptide derived from
ovalbumin expressed in mouse cells (13), in the context of Kb.
CTL from the immunized mice were as active cytolytically as
a highly effective CTL clone (4G3) that had been raised against
ovalbumin-expressing tumor cells, as both caused half-
maximal lysis of Kb1 target cells with the SIINFEKL peptide
at about the same concentration (10213 M). Our results thus
indicate that the ova-hsp70 fusion protein, injected as a soluble
protein into mice, can enter the MHC class I processing
pathway in antigen-presenting cells and stimulate the produc-
tion of CD8 CTL.

MATERIALS AND METHODS

Expression Vector Constructs. The DNA fragment contain-
ing the M. tuberculosis hsp70 coding sequence was synthesized
by PCR using DNA purified from lgt11 clones Y3111 and
Y3130 as a template (14). The complete coding sequence of
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hsp70 was synthesized by using the upstream primer oKS63
(59-GCCCGGGATCCATGGCTCGTGCGGTCGGGAT-39)
containing a BamHI site immediately before the hsp70 coding
sequence and the downstream primer oKS79 (59-GCGGAAT-
TCTCATCAGCCGAGCCGGGGT-39) containing an EcoRI
site immediately after the last coding sequence of hsp70. The
DNA fragment containing the ovalbumin coding sequence was
synthesized by PCR using plasmid pOv230 (15) as a template.
The upstream primer oKS83 (59-GCGGATCCATATGGTC-
CTTCAGCCAAGCTCCGTGG-39) contained a NdeI site im-
mediately before amino acid 161 of ovalbumin and the down-
stream primer oKS82 (59-GCAGGATCCCTCTTCCATAA-
CATTAGA-39) contained a BamHI site immediately after
amino acid 276 of ovalbumin. Another downstream primer
containing a BamHI site, oKS80 (59-GCTGAATTCT-
TACTCTTCCATAACATTAG-39), included a translation
stop codon immediately after amino acid 276 of ovalbumin.

Construction of the vector used to produce hsp70 alone,
pKS74, has been previously described (12). The vector pKS11h
was made by modifying the plasmid vector pET11 (16) with a
histidine tag coding sequence and with the polylinker from
pET17b. Plasmid pKS28 was made by subcloning the DNA
encoding amino acids 161–276 of ovalbumin into the NdeI and
BamHI sites of pKS11h. Plasmid pKS76 was created by
subcloning ovalbumin-(161–276) and hsp70 into the NdeI and
BamHI sites of pKS11h.

Protein Purification. Cultures of BL21(DE3)pLysS (16)
were grown and induced with 0.5 mM isopropyl thiogalacto-
side (IPTG). hsp70 and ova-hsp70 proteins were both purified
as inclusion bodies, refolded stepwise in guanidine, and sub-
sequently purified by ATP affinity chromatography as previ-
ously described (12). Protein purity was verified by SDSy
PAGE and protein fractions were pooled and dialyzed against
PBS. Protein concentrations were determined by the bicin-
choninic acid assay (BCA; Pierce).

Peptides. The peptides SIINFEKL (corresponding to
ovalbumin amino acids 258–276) and RGYVYQGL (corre-
sponding to the vesicular stomatitis virus nucleoprotein amino
acids 324–332), were synthesized by the Biopolymers Facility
at the Center for Cancer Research at the Massachusetts
Institute of Technology. Peptides were stored as 1 mgyml stock
solutions in PBS.

Mice and Immunizations. Seven- to 8-week-old female
C57BLy6 mice were obtained from The Jackson Laboratory
and Taconic Farms. Mice were immunized i.p. on day 0 and s.c.
on day 14 with 120 pmol of purified protein in PBS.

Cell Lines. EL4 (H-2b) thymoma cells, from the American
Type Culture Collection, were grown in RPMI medium 1640y
10% fetal calf serum (FCS). E.G7-OVA cells (ovalbumin-
transfected EL4 cells) (17) were cultured in RPMI 1640y10%
FCS in the presence of 320 mg of G418 per ml. The human cell
line T2, is a TAP-deficient, T-B lymphoblastoid fusion hybrid.
The Kb-transfected clone, T2-Kb, a generous gift from P.
Cresswell, was cultured in RPMI 1640y10% FCS in the
presence of 320 mg of G418 per ml. The CTL clone 4G3 was
maintained by weekly restimulation with irradiated E.G7-
OVA cells in RPMI 1640y10% FCSy5% rat Con A superna-
tant (18). The C57BLy6-derived melanoma B16 and the
ovalbumin-transfected B16 clone, MO5 (19), were generously
provided by L. Rothstein and L. Sigal. The B16 cells were
grown in RPMI 1640y10% FCS and the MO5 cells were grown
in the presence of 2.0 mg of G418 and 40 mg of hygromycin per
ml.

Interferon g (IFN-g) ELISA. Spleens were removed from
mice 10 days after the last injection. The spleens from 3–10
mice in each treatment group were pooled. Single-cell suspen-
sions were prepared by grinding tissue through a sterile nylon
mesh. Erythrocytes were removed by suspending the cells in
pH 7.2 lysis buffer (0.15 M NH4Cly1 M KHCO3y0.1 mM
Na2EDTA) and rinsing the cells two times with RPMI medium

1640. Splenocytes were then cultured at 1 3 107 cells per ml
in 96-well round-bottom microculture plates in RPMI medium
1640, supplemented with 10% FCS and 50 mM 2-mercapto-
ethanol at 37°C in 5% CO2. The cells were stimulated with
recombinant ovalbumin (10 mgyml), SIINFEKL peptide (10
mgyml), RGYVYQGL peptide (10 mgyml), or Con A (5
mgyml). Cell culture supernatants were removed at 72 h. A
sandwich ELISA using paired monoclonal antibodies (Endo-
gen, Cambridge, MA) was used to measure IFN-g.

CTL Assay. Single-cell suspensions of splenocytes were
prepared as above. Then 25 3 106 splenocytes were cultured
with 5 3 106 irradiated (15,000 rads) E.G7-OVA cells in RPMI
medium 1640 supplemented with 10% FCS, 50 mM 2-
mercaptoethanol, 1 mM sodium pyruvate, and 100 mM non-
essential amino acids. After 6–7 days in culture, splenocytes
were purified by Ficoll-Paque (Pharmacia) density centrifu-
gation and then utilized as effector cells.

Target cells were labeled with 100 mCi (1 mCi 5 37 kBq) of
sodium [51Cr]chromate at 37°C for 1–2 h. For peptide sensi-
tization of target cells, 50 mg of peptide was added to the target
cells (300 mgyml final peptide concentration) during the
labeling period. The cells were then rinsed and 5,000 51Cr-
labeled targets (T) and serial dilutions of effector cells (E)
were incubated at various E:T ratios in 96-well U-bottom
plates at 37°C. For peptide titration assays, the target cells were
not pulsed with any peptide during the 51Cr-labeling period
and instead, the peptide was directly added to the 96-well
U-bottom plate at final concentrations of 10210 M to 10214 M.
Supernatants were harvested after 4–6 h and the radioactivity
was measured in a g counter. Percent specific lysis was
calculated as equal to 1003 [(release by CTL 2 spontaneous
release)y(maximal release 2 spontaneous release)]. Maximal
release was determined by addition of 1% Triton X-100 or by
resuspending target cells.

In Vitro Depletion or Enrichment of Lymphocyte Subpopu-
lations. Splenocytes were cultured with irradiated E.G7-OVA
cells and purified by Ficoll-Paque density centrifugation as
described above. Cells were resuspended in cold PBS with 1%
FCS and incubated with anti-mouse CD4 (L3T4) microbeads
or with anti-mouse CD8a (Ly-2) microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) for 20 min at 4°C. For cell
depletion, the cells were applied on to a Mini MACS column
(Miltenyi Biotec) with an attached flow resistor. The cells from
the flow-through were collected and used as effector cells in
the cytolytic assay. For positive selection of CD8 cells, the cells
were applied on to a Mini MACS column without a flow
resistor. The column was rinsed and the cells adhering to the
column were released by removing the column from the
magnetic holder. The positively selected cells were then used
as effector cells in the cytolytic assay. The effectiveness of
positive and negative selection of cells was verified by flow
cytometry using phycoerythrin-conjugated anti-mouse CD4
and fluorescein isothiocyanate-conjugated anti-mouse CD8a
antibodies (PharMingen).

Tumor Protection Assay. C57BLy6 mice were injected i.p.
with 120 pmol of ovalbumin or ova-hsp70 without adjuvant and
boosted s.c. 2 weeks later. Ten days after the last immunization
the mice were injected s.c. on the right flank with 1 3 105 MO5
tumor cells or with 1 3 105 B16 tumor cells. As a control,
unimmunized mice were also inoculated with the tumor cells.
Five to 10 mice were used for each experimental group. On the
day of the tumor challenge, the B16 and MO5 cells were
harvested by trypsinization and rinsed three times in PBS. The
cells were resuspended in PBS and administered s.c. in a
volume of 0.1 ml. Tumor growth was assessed by measuring the
diameter of the tumor in millimeters (recorded as the average
of two perpendicular diameter measurements). Mice that
became moribund were sacrificed. Consistent results were
observed in three separate experiments.
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RESULTS

Purified Recombinant Proteins. A recombinant system
developed to permit production of M. tuberculosis hsp70 fusion
proteins in Escherichia coli (12) was utilized to attach amino
acids 161–276 of ovalbumin to the N terminus of M. tubercu-
losis hsp70. A comparable recombinant ovalbumin protein
(amino acids 161–276) was also produced. The selected portion
of ovalbumin contains the immunodominant epitope SIIN-
FEKL recognized by CTL in association with Kb (13, 20). The
ova-hsp70 fusion protein and the ovalbumin (amino acids
161–276) protein were expressed at high levels in E. coli (Fig.
1A). These proteins were purified as inclusion bodies, refolded
in vitro, and further purified by column chromatography. The
purity of the recombinant proteins was assessed by SDSy
PAGE (Fig. 1 A). Examination of commercial preparations of
crystallized and high-grade ovalbumin by SDSyPAGE and
silver staining revealed that they are highly contaminated with
low molecular weight polypeptides. For this reason, only the
highly purified recombinant ovalbumin (amino acids 161–276)
protein, referred to below simply as ovalbumin, was used in
these studies.

Immunization of Mice with hsp70 Fusion Protein in PBS
Elicits T Cell Responses Against the Attached Antigen. We
investigated whether mice injected with soluble protein with-
out adjuvant could be primed to produce anti-ovalbumin T
cells (Fig. 1B). C57BLy6 mice were inoculated i.p. with 120
pmol of ovalbumin or with 120 pmol of ova-hsp70 fusion
protein in PBS. A second equivalent dose was given s.c. at 2
weeks. A third group of mice was injected with 120 pmol of
ova-p24 gag fusion protein, purified as described in ref. 12, to
examine the immune responses elicited by administering
ovalbumin covalently linked to a protein other than hsp70, in
the absence of adjuvant. Splenocytes of immunized mice were
removed 10 days after the s.c. immunization and cultured in
vitro for 6 days with irradiated E.G7-OVA cells (syngeneic EL4
cells transfected with ovalbumin) (17). The cultured cells were

then used as effector cells in CTL assays. Cells from naive mice
(data not shown) and from mice injected with ovalbumin
protein or with ova-p24 fusion protein were unable to lyse
T2-Kb target cells or T2-Kb cells pulsed with SIINFEKL
peptide. In contrast, effector cells from mice primed with
ova-hsp70 fusion protein were able to lyse T2-Kb cells pulsed
with SIINFEKL peptide (Fig. 1B).

Results obtained with other target cells also show that the
anti-ovalbumin CTL recognized SIINFEKL in association
with Kb. Splenocytes from ova-hsp70-immunized mice were
able to lyse both E.G7-OVA target cells and EL4 cells pulsed
with SIINFEKL peptide but were unable to lyse EL4 cells in
the absence of peptide or EL4 cells pulsed with another
Kb-binding peptide [RGYVYQGL, from vesicular stomatitis
virus (21), data not shown].

To assess the effectiveness of the CTL from ova-hsp70-
immunized mice, they were tested after 6 days in culture in
cytolytic assays using T2-Kb as target cells and SIINFEKL at
various concentrations. For purposes of comparison, the assay
included a well characterized CTL clone (4G3) that recognizes
the SIINFEKL-Kb complex. As shown in Fig. 1C, half-maximal
lysis was obtained with both the CTL line and the 4G3 clone
at about the same peptide concentration, approximately 5 3
10213 M. Thus CTL from the ova-hsp70-immunized mice and
the clone against the ovalbumin-expressing tumor (E.G7-
OVA) were equally effective in terms of the SIINFEKL
concentration required for half-maximal lysis. It may be noted
that in Fig. 1C the ratio of 4G3 cells to target cells (E:T ratio)
was 5:1, whereas for the CTL line this ratio was 80:1. The E:T
ratio has a large impact on the maximal lysis of target cells at
4 hr, but changing this ratio over an 80-fold range (1:1 to 80:1)
has a negligible effect on the peptide concentration required
for half-maximal lysis (unpublished data).

We next verified that the cytolytic activity of the CTL line
from ova-hsp70-immunized mice was due to CD81 T cells (Fig.
2). For this purpose we used a MACS column to separate the
CTL line into T cell subsets (see Materials and Methods). CTL

FIG. 1. A) Production of recombinant proteins. E. coli cell lysates and purified proteins were examined by SDSyPAGE and proteins were
visualized by Coomassie staining. The gel contains crude extracts from isopropyl thiogalactoside (IPTG)-induced E. coli containing pKS28 (ova
161–276) and from IPTG-induced E. coli containing pKS76 (ova-hsp70), and the purified proteins ova 161–276 and ova-hsp70. Molecular weight
markers (31023) are at left. (B) Generation of ovalbumin-specific CTL by immunization with ova-hsp70 fusion protein in saline. Mice were injected
i.p. with 120 pmol of recombinant ovalbumin, ova-p24, or ova-hsp70 protein without adjuvant. The injections were repeated s.c. 2 weeks later. Mice
were sacrificed 10 days after the boost and for each mouse group, 5–10 spleens were pooled and splenocytes from immunized mice were incubated
for 6 days in the presence of irradiated E.G7-OVA cells without added interleukins. The splenocyte cultures derived from mice immunized with
ovalbumin h, ova-p24 É, or ova-hsp70 ■ were then used as effector (E) cells in a standard cytotoxicity assay. The following 51Cr-labeled target
(T) cells were used: T2-Kb cells (broken line) and T2-Kb pulsed with SIINFEKL peptide (solid line) at 300 mgyml. (C) SIINFEKL peptide titration.
T2-Kb cells were incubated with the indicated molar concentrations of SIINFEKL peptide for 45 min for use as target cells in a CTL assay. The
effector cells primed with ovalbumin h or ova-hsp70 ■ as described above were used at an E:T ratio of 80:1. The 4G3 CTL clone Ç was used at
an E:T of 5:1.
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activity was unaffected by removing CD41 cells, but it was
completely abrogated by removing CD81 cells. Retrieval of the
CD81 cells from the MACS column led to recovery of cytolytic
activity. The results were the same when target cells were EL4
cells incubated with SIINFEKL or ovalbumin-expressing EL4
cells (E.G7-OVA). Thus, administration of ova-hsp70 fusion

protein, but not ovalbumin alone, elicits CD81 CTL specific
for SIINFEKL-Kb.

The lower level of cytolytic activity in Fig. 2 relative to Fig.
1 (B and C) reflects the different target cells used. T2-Kb cells
(Fig. 1) and EL4 cells (Fig. 2) have approximately the same
high level of cell surface Kb (roughly 100,000 molecules per
cell, unpublished observations), but the peptide transporter
(TAP) is defective in T2-Kb (22), and not in EL4. Hence, at a
given free concentration of SIINFEKL the target cell epitope
density (number of SIINFEKL-Kb complexes per cell) is much
greater on T2-Kb than on EL4 cells.

hsp70 Must Be Covalently Coupled to Ovalbumin to En-
gender Anti-Ovalbumin T Cell Responses. We examined
whether the covalent fusion of hsp70 to ovalbumin was nec-
essary to elicit cellular responses to ovalbumin or whether the
same results could be obtained if the two proteins were simply
mixed but not covalently attached (Fig. 3). Mice were injected
with 120 pmol of ova-hsp70 fusion protein, with 120 pmol of
ovalbumin, or with 120 pmol of hsp70 mixed with 120 pmol of
ovalbumin. The level of IFN-g secreted by the splenocytes in
response to restimulation with ovalbumin in vitro was mea-
sured by ELISA. Splenocytes from mice immunized with
ovalbumin alone or with a mixture of ovalbumin and hsp70
proteins produced less than 6 ngyml IFN-g in response to
stimulation with SIINFEKL peptide or ovalbumin (Fig. 3A). In
contrast, splenocytes from mice injected with the ova-hsp70
fusion protein secreted substantially higher levels of IFN-g
when restimulated in vitro with SIINFEKL peptide or ovalbu-
min. The release of IFN-g was ovalbumin-specific, because
splenocytes cultured in medium alone or with control
RGYVYQGL peptide secreted low levels of IFN-g.

Similar results were obtained by cytolytic assays (Fig. 3B).
Ovalbumin-specific CTL were produced by mice injected with
the ova-hsp70 fusion protein but not by those injected with a
mixture of ovalbumin with hsp70.

Immunization of Mice with ova-hsp70 Protein Without
Adjuvant Engenders Protective Immunity to MO5 Tumor
Challenge. The MO5 cell line, which is a B16 melanoma cell
line transfected with ovalbumin-expressing DNA, presents the
immunodominant SIINFEKL peptide in association with Kb

FIG. 3. Examination of ovalbumin-specific T cell responses in mice injected with a mixture of ovalbumin and hsp70. Mice were injected twice
as described in the legend of Fig. 1 with 120 pmol of recombinant ovalbumin, with 120 pmol of ova-hsp70 fusion protein, or with 120 pmol each
of ovalbumin and hsp70. Ten days after the boost 5–10 spleens from each mouse group were pooled and processed. (A) IFN-g secretion by
splenocytes stimulated 72 h in vitro with 5 mgyml recombinant ovalbumin protein (filled bars), SIINFEKL peptide (hatched bars), RGYVYQGL
peptide (shaded bars), or tissue culture medium alone (empty bars). All samples were examined in triplicate. (B) Generation of ovalbumin-specific
CTL by immunization with ova-hsp70 fusion protein in saline. Splenocyte cultures from mice immunized with recombinant ova h, ova-hsp70 fusion
protein ■, or a mixture of ovalbumin and hsp70 proteins Ç, were used as effector cells in a standard cytotoxicity assay. The following 51Cr-labeled
target cells were used: E.G7-OVA (solid line) and EL4 cells alone (broken line).

FIG. 2. Immunization with ova-hsp70 elicits ovalbumin-reactive
CD81 T cells. C57BLy6 mice were injected i.p. with 120 pmol of
ovalbumin or ova-hsp70 without adjuvant and boosted s.c. with the
same amounts of these proteins 2 weeks later. Mice were sacrificed 10
days after the boost and for each mouse group, 5–10 spleens were
pooled and splenocytes were incubated for 6 days in the presence of
irradiated E.G7-OVA cells. Prior to the cytotoxicity assay, the effector
cells were negatively or positively selected for CD41 cells or CD81

cells by using paramagnetic antibodies. Splenocyte cultures were
depleted of CD41 cells (CD42CD81), were depleted of CD81 cells
(CD41 CD82), or were enriched for CD81 cells (CD81).
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on the cell surface (19). Using this tumor, we could determine
whether the immune response induced by ova-hsp70 fusion
protein is sufficient to engender protective tumor immunity.
Mice were injected i.p. with 120 pmol of ovalbumin or ova-
hsp70 without adjuvant and boosted s.c. 2 weeks later. Ten days
later the mice were injected s.c. on the right flank with 1 3 105

MO5 tumor cells or with 1 3 105 B16 tumor cells. As an
additional control, naive mice were also inoculated with the
tumor cells.

All mice challenged with tumor cells were monitored for
tumor growth, and growth was recorded as the average tumor
diameter in millimeters (Fig. 4A). Twenty-one days after the
MO5 tumor challenge, the average tumor diameter in the
control and the ovalbumin-immunized mice was greater than
15 mm. Because the control and ovalbumin-immunized mice
began dying 21 days after the tumor challenge, tumor growth
was not recorded beyond 21 days. In contrast to the control and
the ovalbumin-immunized mice, no tumors were detected in
the ova-hsp70 immunized mice 21 days after the tumor chal-
lenge. All groups of mice (control, ovalbumin-immunized, or
ova-hsp70 immunized) which were challenged with the B16
tumor cells developed tumors (Fig. 4A) and became moribund
by 21 days after the tumor challenge.

The survival of mice was recorded as the percentage of mice
surviving after the tumor challenge (Fig. 4B). Mice that
appeared moribund were sacrificed. Forty days after the MO5
tumor challenge, none of the control mice and only 10% of the
ovalbumin-immunized mice had survived. In contrast, 80% of
the ova-hsp70-immunized mice had survived. These experi-
ments demonstrate that immunization of mice with the ova-

hsp70 fusion protein, but not with the ovalbumin protein alone,
induces ovalbumin-specific protective tumor immunity.

DISCUSSION

The principal finding in this study is that injection of an
hsp70-ovalbumin fusion protein into H-2b mice stimulated the
production of CD8 CTL that recognize the immunodominant
ovalbumin octapeptide, SIINFEKL, in association with Kb.
The immunized mice were protected against an otherwise
lethal challenge with an ovalbumin-expressing melanoma tu-
mor, and their CTL were as effective (see Fig. 1C) in recog-
nizing the SIINFEKL-Kb complex as a CTL clone (4G3) that
was raised against cells (EG7-OVA) in which ovalbumin is
expressed and processed naturally for class I MHC presenta-
tion. These findings clearly imply that the covalently linked
fusion partner of the injected hsp fusion protein was processed
in the same way as ordinary cytosolic proteins for presentation
with MHC class I proteins in antigen-presenting cells.

We previously reported that mice injected with an HIV-1
gag protein (p24) linked to hsp70 produced p24-specific T
cells. Although the peptide-MHC complexes recognized by the
T cells were not identified, the splenocytes from the fusion-
protein-immunized mice exhibited p24 antigen-dependent
production of IFN-g, which implies the presence of Th1 helper
T cells and CTL. The previous findings, taken in conjunction
with the present results, suggest that hsp70 fusion proteins may
prove to be generally useful as immunogens for stimulating
CD8 CTL that are specific for peptides produced by natural
proteolytic processing of the fusion partners within antigen-
presenting cells.

The mechanisms by which hsp70 enables covalently linked
polypeptide fusion partners to gain entry into the MHC class
I processing pathway and elicit CD8 CTL could be based on:
(i) hsp70’s ability to assist protein folding (23, 24) and to
facilitate the translocation of proteins into subcellular com-
partments (25, 26), (ii) hsp70’s ability to facilitate the break-
down of intracellular proteins (27), and (iii) the high frequency
of T cells directed against mycobacterial hsp70.

hsp70 is an integral component of the protein folding
machinery (28–30) and functions through its ability to bind
short linear peptide segments of folding intermediates. De-
tailed studies of the peptide-binding activity of hsp70 have
shown that it has a clear preference for peptides with aliphatic
hydrophobic side chains (24, 31). Thus hsp70 appears to
transiently associate with hydrophobic protein regions and
prevent protein aggregation. The kinetics of hsp70-substrate
binding is governed by the ATP binding and ATPase activity
of hsp70 (32). The combination of the peptide and ATP
binding functions of hsp70 may be involved in the efficient
transfer of antigenic peptides into the MHC class I antigen
presentation pathway. hsp70 also associates with nascent
polypeptide chains as they emerge from ribosomes and are
involved in stabilizing nascent polypeptides prior to their
translocation into various subcellular compartments (33, 34),
including chloroplasts, the endoplasmic reticulum, lysosomes,
mitochondria, the nucleus, and peroxisomes (25, 26). The
present findings indicate that hsp70 also promotes delivery of
covalently linked fusion polypeptides to the subcellular com-
partment(s) required for cell surface presentation of peptide–
MHC-I complexes.

hsp70’s role in intracellular protein breakdown may be
especially relevant for the immunogenic effectiveness of its
fusion partner. Experiments with yeast cell mutants and with
mammalian cell extracts have shown that, in addition to its
function in protein refolding, hsp70 serves an essential role in
the degradation of certain abnormal polypeptides (27, 35).
Thus, if hsp70 fails to refold a denatured protein, it can
facilitate its degradation by the cell’s proteolytic machinery. In
eukaryotes, hsp70 is essential for the ubiquitination of certain

FIG. 4. Immunization of mice with ova-hsp70 protein without
adjuvant engenders protective immunity to MO5 tumor challenge.
Mice were injected i.p. with 120 pmol of ova or ova-hsp70 without
adjuvant and boosted s.c. with the same amounts of these proteins 2
weeks later. Ten days after the last immunization the mice were
injected s.c. on the right flank with 1 3 105 MO5 tumor cells. Each
group contained at least 5 mice. (A) Following the MO5 and B16
tumor challenges, tumor growth was monitored in control mice and in
ovalbumin- h and ova-hsp70- ■ immunized mice. Growth was re-
corded as the average tumor diameter in millimeters. (B) The survival
of mice was recorded as the percentage of mice surviving after the
tumor challenge. Mice that appeared moribund were killed and scored
as ‘‘not surviving.’’
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abnormal and regulatory proteins and thus in the breakdown
of polyubiquitinated polypeptides by the 26S proteasome (27).
The peptides generated by the proteasome in the cytosol
appear to be the primary source of the peptides that are
translocated into the endoplasmic reticulum for association
with MHC class I molecules. Thus proteins that are linked to
hsp70 may be ubiquitinated and processed especially well for
presentation with MHC I proteins.

Immune responses to hsp70 have been detected after expo-
sure to a broad spectrum of infectious agents (36–38). In
addition, anti-hsp70 immune responses were induced in infants
by the trivalent vaccine against tetanus, diphtheria, and per-
tussis (39). It seems that the immune system is routinely
stimulated to respond to hsp70, and such stimulation may
cause an expansion of hsp70-reactive cells. The cellular re-
sponses to mycobacterial hsps are profound; limiting dilution
analysis indicates that 20% of the murine CD41 T lymphocytes
that recognize mycobacterial antigens are directed against
hsp60 alone (40). The high frequency with which human CD41

T cell clones directed against mycobacterial hsp70 and hsp60
have been detected suggests that these hsps are also major
targets of the cellular response in humans (41). Thus, although
soluble proteins administered in the absence of adjuvant do
not typically elicit CD8 CTL, it is possible that the abundant
hsp70-reactive helper T cells are involved in facilitating the
unusually efficient CTL response against the soluble hsp70
fusion protein.

Another hsp, gp96, isolated from various tumors and tumor
cell lines, has previously been shown to be a potent immunogen
for eliciting CD8 CTL. The effectiveness of gp96 derives from
(i) the many peptides that remain bound noncovalently to the
protein when isolated from cells (10, 11), and (ii) its ability to
facilitate the transfer of those peptides to MHC I proteins of
‘‘professional’’ antigen-presenting cells (42). Detailed studies
of the peptide-binding activity of hsp70 has shown that it has
a clear preference for peptides over 7 amino acids in length and
those with aliphatic hydrophobic side chains (24, 31). Although
gp96 can bind many different peptides (9, 43, 44), studies with
hsp70, as well as general considerations, indicate that no
protein can serve as a universal receptor for all peptides.
Recombinant hsp70 fusion proteins, in contrast, are thus likely
to provide a richer source of peptides available for binding to
diverse MHC molecules.

Many different proteins can be linked to hsp70, and the
fusion proteins studied so far are effective immunogens in the
absence of adjuvants. hsp70 fusion proteins are thus attractive
candidates for vaccines intended to stimulate CD8 CTL in
humans.
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