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During stress conditions, such as infection, the synthesis of heat shock proteins (HSPs) in microorganisms
is upregulated. Since a high degree of homology exists within each HSP family, we postulated that exposure to
microorganisms could prime the immune system for evolutionarily diverse HSPs. We tested this hypothesis by
priming mice with three microorganisms, namely, Mycobacterium bovis BCG, Mycobacterium vaccae, and Chla-
mydia pneumoniae. After this, mice received a dose of the various HSPs. We found that BCG and M. vaccae but
not C. pneumoniae primed the immune system for the induction of secondary immunoglobulin G (IgG)
responses to most of the HSPs tested. Analysis of the IgG1 and IgG2a profile and gamma interferon production
induced against the HSPs revealed the induction of a mixture of responses. We also observed that sera from
mice treated with M. vaccae and HSP70 were cross-reactive, but no antibody complexes were observed in their
kidneys, which frequently are targets for autoantibody reactions. Our findings add further support for the use
of HSPs as effective vaccine adjuvants.

Heat shock proteins (HSPs) are some of the most conserved
proteins present in all prokaryotes and eukaryotes (13, 16, 22).
They undertake crucial functions in maintaining cell ho-
meostasis. From an immunological point of view, HSPs have
attracted increasing interest, since they serve as carriers of
antigens and effectively induce antigen-specific B- and T-cell
responses without the need of adjuvant help (32, 33, 42, 43).
These immunomodulatory functions of HSPs are based on
various properties: (i) HSPs stimulate the production of che-
mokines which attract immunological cells; (ii) HSPs possess
the ability to activate dendritic cells, thus initiating innate im-
mune responses; and (iii) HSPs are capable of delivering pep-
tides to major histocompatibility complex molecules for the
priming of adaptive immunity.

The HSP70 family is one of the best studied among the HSPs
and is endowed with crucial immunological functions because of
their ability to interact with professional antigen-presenting cells
through different receptors (6, 8, 40, 51). Many cytokines (inter-
leukin-12, tumor necrosis factor alpha, and gamma interferon
[IFN-�]) and CC chemokines are elicited by HSP70. Sequences in
the HSP70 C-terminal portion have been identified as responsible
for the induction of such cytokines (21, 52). We have previously
shown that the C-terminal fragment of HSP70 (Pf70C) acted as a
carrier in mice when conjugated to the malarial antigen EB200
(Pf70C-EB200) and delivered both as a chimeric protein and as a
DNA construct (31).

Mycobacterium bovis bacillus Calmette-Guérin (BCG) and
Mycobacterium vaccae, a saprophytic mycobacterium, have

been found to possess strong immunostimulatory properties. It
has been reported that preexisting inflammation due to BCG
can facilitate T-cell priming for inert antigens (11). Different
studies have revealed that priming with BCG followed by im-
munization with the synthetic malaria peptide (NANP)40 con-
jugated to mycobacterial antigens, such as purified protein
derivatives (PPDs), or HSPs resulted in enhanced (NANP)40-
specific immune response in mice or monkeys (5, 29). Also, the
potent immunomodulatory effect of M. vaccae has been found
to be associated with HSPs (38). It has been proposed that
during infection, the expression of microbial HSPs is upregu-
lated, which sensitizes the T cells in the infected host and
enhances the ability of the bacteria to activate the immune
system (20, 26).

In the present study, we aimed to investigate whether expo-
sure to different infectious agents would prime the immune
system to evolutionarily diverse HSPs and to any subunit an-
tigen coupled to them. Considering that (i) HSPs are extremely
conserved proteins, (ii) all microorganisms express HSPs, and
(iii) microbial HSP production is increased during infection, it
is conceivable that infection would facilitate T-cell sensitiza-
tion to HSPs. We hypothesize that T cells induced after prim-
ing will cross-react with HSPs of different origin.

Since BCG is extensively used as a vaccine against tubercu-
losis (44), this approach is particularly interesting for the de-
velopment of efficacious vaccination strategies. Also, humans
and animals are sensitized to mycobacteria or other parasites
through natural infection. In this study, we first tested our
hypothesis by exposing mice to BCG followed by boosting with
the recombinant fusion protein Pf70C-EB200 and with var-
ious HSPs. Later on, we evaluated the same protocol using
M. vaccae and Chlamydia pneumoniae. We found that exposure
of mice to BCG and M. vaccae but not to C. pneumoniae
induced secondary responses to Pf70C as well as to other HSPs
of different families and origins. Also, Pf70C behaved as a
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carrier molecule in the induction of EB200-specific antibody
responses.

MATERIALS AND METHODS

BCG and M. vaccae. Lyophilized BCG was obtained from Statens Serum
Institute, Copenhagen, Denmark. It was resuspended in phosphate-buffered
saline (PBS) at a concentration of 2.5 � 108 CFU/ml. For the preparation of
heat-killed BCG, the BCG suspension was autoclaved at 121°C for 15 min at
15 lb. M. vaccae strain ATCC 15483 was grown on tryptone soy peptone agar
medium at 37°C for 4 to 5 days. Heat-killed M. vaccae was prepared by scraping
the colonies from the culture plate, autoclaved for 15 min at 121°C, and sus-
pended in PBS at 10 mg/ml (equivalent to 1010 organisms per ml) (38).

Recombinant protein immunogens. The C-terminal portion from Plasmodium
falciparum HSP70, which is 142 amino acids long, was included in the present
study (30). Expression of the His6-Pf70C-EB200 fusion protein from the plasmid
pAff10cPf70CEB200 was performed in Escherichia coli strain BL21(DE3)
(Novagen, Madison, WI) as previously described (36). The fusion protein was
affinity purified using immobilized metal ion affinity chromatography on TALON
metal affinity resin columns (ClonTech Laboratories Inc., Palo Alto, CA), as
previously described (36), followed by buffer change to PBS, pH 7.2, by overnight
(ON) dialysis at 4°C. The fusion protein glutathione S-transferase–Pf70C was
expressed and affinity purified on glutathione media. For the enzymatic cleavage
of Pf70C from glutathione S-transferase, specific protease factor Xa (Amersham
Pharmacia Biotech, Uppsala, Sweden) was used. Factor Xa was removed with
p-aminobenzamidine beads (Sigma Aldrich Chemie, Steinheim, Germany). Pro-
tein purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis analysis, and the gels were either stained with Coomassie brilliant blue
or used in a Western blotting procedure.

Recombinant M. bovis HSP65 (MB65), Mycobacterium leprae HSP65 (ML65),
Mycobacterium tuberculosis HSP65 (MTB65), E. coli HSP65 (EC65), M. tubercu-
losis HSP70 (MTB70), human HSP60 (Hu60), M. tuberculosis HSP10 (MTB10), and
M. tuberculosis HSP16 (MTB16) were provided by LIONEX (Braunschweig,
Germany). These are representatives of high- and low-molecular-weight HSPs of
various origins related (MB65, ML65, MTB65, MTB70, MTB10, and MTB16)
and unrelated (EC65 and Hu60) to BCG, M. vaccae, and Chlamydia pneumoniae.

Sequence alignments were done with Clustal X version 1.8.1 (45) and are
shown in Fig. S1a and S1b of the supplemental material. Percentages of identity
between the proteins are shown in Table 1.

Immunization of mice. Female 6- to 8-week-old BALB/c mice were purchased
from Taconic M & B (Ry, Denmark) and kept in the animal facilities of Stock-
holm University. The priming dose was 106 CFU of BCG per mouse. For M.
vaccae priming, 1 �g (wet weight), equivalent to 106 M. vaccae bacilli, was given.
Mycoplasma-free C. pneumoniae isolate Kajaani was propagated in HL cells, and
106 infection-forming units were prepared as described before for immunization
(4). Bacteria were delivered intraperitoneally (i.p.) in 200 �l of balanced salt
solution (Life Technologies, Paisley, Scotland, United Kingdom). Priming was
done once, followed 3 weeks later by boosting with 25 �g per mouse of recom-
binant HSPs. Animals were bled by retro-orbital plexus puncture 7 days after the
last immunization. Sera were stored at �20°C until assayed.

Determination of serum antibody levels by enzyme-linked immunosorbent
assay (ELISA). To determine specific antibody responses, microtiter plates
(Costar, Corning Incorporated, Corning, NY) were coated with 2 �g/ml of each
protein in carbonate buffer, pH 9.4. A cocktail of six synthetic peptides (P-1, P-6,
P-7, P-10, P-13, and P-16) (1, 2) representing sequences in EB200 was used to
coat the plates (1 �g/ml of each peptide) for the determination of EB200-specific
antibodies. P-1 and P-13 were synthesized by 9-fluorenylmethoxy carbonyl chem-

istry (35), and the rest of the peptides were synthesized by Neo systems (Stras-
bourg, France).

For the detection of serum antibodies against different cross-reactive antigens,
plates were coated with 10 �g/ml of DNA (in PBS), collagen III (in PBS),
trinitrophenyl-bovine serum albumin (TNP-BSA) (in carbonate buffer), and hi-
stone (in carbonate buffer). Plates were incubated ON at room temperature
(RT) followed by incubation ON with serial dilutions of sera. Sera were initially
diluted to 1:100 to determine specific antibodies and to 1:20 for the detection of
cross-reactive antibodies. Isotypes were determined by incubating the plates for
2 h at RT with alkaline phosphatase-conjugated goat immunoglobulin specific for
mouse total immunoglobulins (Igs), IgM, total IgG, IgG1, and IgG2a (Southern
Biotechnology Inc., Birmingham, AL). Color was developed at RT with p-nitro-
phenyl phosphate disodium (Sigma Diagnostics, St. Louis, MO), and the absor-
bance was measured at 405 nm at different time points.

IFN-� detection. Immunized mice were sacrificed 2 weeks after the last im-
munization, and spleens were removed aseptically. A cell suspension from the
splenocytes was prepared from individual spleens and adjusted to a cell concen-
tration of 5 � 106 cells/ml in RPMI 1640 medium supplemented with 10% fetal
calf serum, penicillin (100 U/ml), streptomycin (100 �g/ml), 2 mM L-glutamine,
1 mM sodium pyruvate, and 0.01 M HEPES (Invitrogen Corporation, Paisley,
Scotland, United Kingdom). One hundred microliters of the cell suspension was
added to each well of 96-well flat-bottomed microtiter plates (Costar) with or
without 10 �g/ml of each HSP, PPD, or 2 �g/ml of concanavalin A (ConA) as a
positive control. After incubating the cultures for 72 h at 37°C in 5% CO2, pooled
supernatants from triplicate cultures were analyzed for the presence of IFN-�
using a commercially available ELISA kit (Mabtech AB, Stockholm, Sweden).

Detection of immune complex deposits in kidneys. The presence of antibody
deposits in kidney sections was detected by direct immunofluorescence. Kidneys
from HSP70-treated or nonimmunized mice were horizontally cut into two slices
and embedded in OCT compound (Miles Scientific, Nunc, Naperville, IL) to
make composite blocks. Sections (5 �m thick) were cut from the composite in a
Jung cryostat (Leica Instruments GmbH, Heidelberg, Germany) chilled to
�20°C. The sections were fixed in acetone for 5 min, air dried, incubated with
serial dilutions of fluorescein isothiocyanate (FITC)-conjugated rabbit anti-
mouse Ig antibodies (DakoCytomation, Norden A/S, Denmark) for 30 min at
RT, washed three times with PBS, and air dried. After covering the sections with
antifading solution, they were viewed with a Reichard-Jung (Vienna, Austria)
Polyvar microscope equipped with a 200-W mercury lamp and a filter set for
FITC. The initial dilution for FITC-conjugated antibody was 1/40. Kidney sec-
tions of a mercuric chloride (HgCl2)-treated SJL mouse (3, 14) were used as
positive controls.

Statistical analyses. Three mice were included in each experimental group,
and the results were expressed as means � standard deviations (SD) of triplicate
samples (sera and spleen) from individual mice from each group. A two-tailed
Student’s t test was performed to identify significant differences between exper-
imental groups.

RESULTS

Both live and heat-killed BCG prime the immune system for
induction of antibodies specific for the C-terminal fragment of
HSP70. To assess whether BCG could provide the sensitization
of T cells for the induction of secondary responses to HSPs, we
tested for the ability of both live and heat-killed BCG to prime
an immune response to Pf70C-EB200.

BALB/c mice were exposed either to live or to heat-killed
BCG and 3 weeks later immunized with the fusion protein
Pf70C-EB200. As negative and positive controls, we immu-
nized mice once (primary response) and twice (secondary re-
sponse) in a 3-week interval with Pf70C-EB200, respectively.
As shown in Fig. 1a, when mice were primed with either live or
heat-killed BCG, followed by immunization with Pf70C-EB200
once, anti-Pf70C IgG antibodies were produced. The antibody
titer in live-BCG-primed mice attained similar levels as that
obtained from the group of mice immunized twice (secondary
response) with Pf70C-EB200 (Fig. 1a). The control group,
immunized with Pf70C-EB200 once, produced negligible
amounts of IgG anti-Pf70C antibodies (Fig. 1a).

TABLE 1. Percentages of sequence identity between evolutionarily
diverse HSPsa

HSP MTB65 ML65 EC65 Hu60 Mouse60

MTB65 100 94.8 58.6 44.8 45.2
ML65 100 58.3 44.6 45
EC65 100 48.6 48.6
Hu60 100 97.6
Mouse60 100

a MTB65, M. tuberculosis HSP65 or M. bovis HSP65; Mouse60, mouse HSP60.
The percent identity between mouse HSP70 and MTB70 is 46.4.
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We further investigated the ability of Pf70C to exert a carrier
effect on EB200 in mice primed with BCG. The sera from
immunized mice were analyzed for the presence of EB200-
specific IgG antibodies by ELISA. The results revealed that
exposure of mice to live or heat-killed BCG generated EB200-
specific secondary antibodies (Fig. 1b). Control mice immu-
nized with only Pf70C-EB200 without previous priming exhib-
ited negligible amounts of IgG anti-EB200 antibodies
(Fig. 1b).

Priming with BCG promotes both Th1 and Th2 type im-
mune responses against Pf70C. To determine whether priming
with live BCG followed by Pf70C-EB200 boosting affected the
pattern of the Pf70C-specific humoral response, the IgG1 and
IgG2a isotype profile was analyzed. Priming with live BCG
elicited both Pf70C-specific IgG1 and IgG2a antibodies, indi-
cating that a mixed Th1/Th2 type of immune response was
induced (Fig. 2a). The effect of BCG priming on IFN-� pro-
duction was also analyzed using splenocytes derived from mice

FIG. 1. Induction of IgG antibodies specific to Pf70C (a) and EB200 (b) in BALB/c mice primed with live (L) or heat-killed (HK) BCG or with
the recombinant protein Pf70C-EB200. On day 0, mice were primed i.p. either with Pf70C-EB200 (Œ) or with 106 CFU live (�) or heat-killed (u)
BCG followed by boosting with 25 �g Pf70C-EB200 given i.p. 3 weeks later. Mice in the control group were immunized with only Pf70C-EB200
(E) once. Bleeding was done 7 days after boosting with the protein. The production of IgG antibodies specific for Pf70C and EB200 was evaluated
by ELISA using 2.0 �g/ml of recombinant Pf70C and a cocktail of six synthetic peptides (1 �g/ml of each peptide) to coat the plates. Data are the
mean optical density (OD) values (A405 nm) and SD of individual sera of three mice per group, serially diluted in the wells. We show one
representative result of three independent experiments. Background reactivity of the sera with BSA at the corresponding dilution was subtracted.

FIG. 2. (a) Analysis of Pf70C-specific IgG1 and IgG2a isotype levels in sera of mice primed with live (L) BCG. Serial dilutions of sera of
individual mice were studied. The results from the 1:400 dilutions are presented, showing the mean OD values (A405 nm) and SD of results from
three mice. Statistical analysis showed significant differences between the groups at P � 0.005 compared with the respective control group
(Student’s t test). Background reactivity of the sera with BSA at the corresponding dilution was subtracted. (b) In vitro production of IFN-� by
splenocytes derived from mice in response to Pf70C-EB200 or PPD. Spleens from live BCG-primed (not boosted) mice or nonimmunized mice
were collected 5 weeks after priming. Splenocytes from individual mice were harvested. Single-cell preparations were stimulated separately with
10 �g/ml of Pf70C-EB200 or PPD, cultured (5 � 105 cells/well) in triplicate in 96-well cell culture plates, and incubated for 72 h at 37°C in 5%
CO2. Cell supernatants were collected, pooled, and assayed for the presence of IFN-� by ELISA. Values are the means and SD of results derived
from three different spleens.
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treated or not treated with live BCG and 5 weeks later stim-
ulated in vitro with Pf70C-EB200 and PPD for 72 h. PPD was
chosen because it is commonly used to measure the T-cell
reactivity in humans previously exposed to Mycobacterium (23).
Moreover, it has been reported that BCG vaccination induced
an increased production of IFN-� in response to PPD in in-
fants (19). As illustrated in Fig. 2b, splenocytes from mice
primed with live BCG responded to Pf70C-EB200 with signif-
icantly higher IFN-� levels than that observed in splenocytes
from nontreated mice. This correlates with the generation of
Pf70C-specific IgG2a antibodies in live-BCG-primed mice.
Even if lower, the production of IFN-� in response to PPD was
also significantly higher in the BCG-primed animals than that
induced in the control group (Fig. 2b). PPD is a mixture of

many different proteins, and possibly the concentration of
HSPs is rather low. This may explain the lower activating
capacity compared to Pf70C-EB200.

BCG has the ability to prime for various evolutionarily
diverse HSPs. To further investigate the priming effect of BCG
on other phylogenetically diverse HSPs, BALB/c mice were
primed once with BCG i.p., and 3 weeks later each group
received high- and low-molecular-weight HSPs of various ori-
gins related (MB65, ML65, MTB65, MTB70, MTB10, and
MTB16) and unrelated (EC65 and Hu60) to BCG. Control
groups were immunized only once with the above-mentioned
HSPs. The antigen-specific IgG antibodies were measured by
ELISA 7 days after the last immunization. As illustrated in Fig.
3a, BCG-primed mice developed secondary antibody re-

FIG. 3. (a) HSP-specific IgG responses induced in BALB/c mice primed with live (L) BCG and boosted with various HSPs once. Control mice
received only HSPs once. Serum samples were obtained from the mice 7 days after the protein immunization. The presence of HSP-specific
antibodies was detected by ELISA using serial dilutions of individual sera from three mice. Significant differences between groups following a
Student’s t test are depicted with asterisks (�, P � 0.005 with the respective control group). (b) HSP-specific IgG1/IgG2a profile. Titers are
expressed as the log10 of the reciprocal of the highest dilution at an OD of 1.0. Background reactivity of the sera with BSA at the corresponding
dilution was subtracted. (c) In vitro IFN-� production by the splenocytes stimulated with various HSPs from mice primed with live BCG or not
primed. Splenocytes of individual mice from each group were stimulated separately in triplicate with 10 �g/ml of each HSP and with 2 �g/ml of
ConA (positive control) in 96-well cell culture plates and incubated for 72 h at 37°C in 5% CO2. Cell supernatants were collected, pooled, and
assayed for the presence of IFN-� by ELISA. Since the absolute values varied from experiment to experiment, to facilitate comparisons we
normalized all values in relation to ConA stimulation. Data are expressed as the ratio between HSP and ConA stimulation multiplied by 100.
Values represent means of triplicate samples with SD. �, P � 0.05; ��, P � 0.01 with the respective controls.
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sponses against all HSPs except MTB16 and MTB10. The level
of antibodies generated in all primed groups was significantly
higher than the levels induced in nonprimed mice, but the
magnitude of the response varied. While negligible amounts of
antibodies were generated in control groups immunized with
MB65, ML65, MTB65, and MTB70, the primary response to
EC65 and Hu60 was comparatively high. MB65, ML65,
MTB65, and Hu60 elicited stronger responses than EC65 or
MTB70. The detection of HSP-specific IgG1 and IgG2a anti-
bodies demonstrated the induction of a mixture of Th1 and
Th2 types of response (Fig. 3b).

To ascribe the priming effect of BCG in IFN-� production in
vitro, splenocytes derived from nonimmunized mice or mice
primed with BCG were stimulated with various HSPs or with
ConA as a positive control. After 72 h of incubation, cell
supernatants were analyzed for the presence of IFN-� by
ELISA. BCG priming induced increased production of IFN-�,
but the magnitude was different for each HSP (Fig. 3c). The
levels of IFN-� were higher upon stimulation with ML65,
EC65, and Hu60 than upon stimulation with MB65 or MTB70
(Fig. 3c). Nearly undetectable amounts of IFN-� were pro-
duced by splenocytes derived from mice not primed with BCG
(Fig. 3c).

M. vaccae but not C. pneumoniae primes for the induction of
secondary responses to HSPs. As HSPs are present in other
microorganisms, not only in BCG, we tested the ability of
M. vaccae and C. pneumoniae to prime the immune system
against HSPs. We followed the same protocol as for BCG.
First, we evaluated the priming effect of M. vaccae and
C. pneumoniae for the induction of a Pf70C-specific secondary
response. As illustrated in Fig. 4a, both live and heat-killed
M. vaccae but not C. pneumoniae (data not shown) could me-
diate the induction of anti-Pf70C IgG antibodies. We also
observed that Pf70C acted as a carrier for the production of
EB200-specific IgG antibodies in M. vaccae-primed mice
(Fig. 4b).

Since M. vaccae has been used in a heat-killed form in
diverse vaccination trials (39), we continued the rest of our
experiments here using heat-killed bacteria. M. vaccae-primed
mice generated both IgG1- and IgG2a-specific antibodies
against Pf70C (Fig. 4c). Also, elevated levels of IFN-� were
produced by splenocytes derived from M. vaccae-primed mice
stimulated in vitro with Pf70C-EB200 (Fig. 4d). However, low
levels of IFN-� production were observed upon PPD stim-
ulation, which correlates with the observation of von Reyn
et al. (50).

FIG. 4. (a) Pf70C- and (b) EB200-specific IgG response elicited in mice primed with live (L) or heat-killed (HK) M. vaccae followed by boosting
with Pf70C-EB200 3 weeks later. Immunization and bleeding were done as previously described for BCG. (c) Analysis of Pf70C-specific serum
IgG1 and IgG2a isotype levels in mice primed with heat-killed M. vaccae. Serial dilutions of sera from individual mice (three mice per group) were
studied. The results from the 1:400 dilutions are presented, with mean OD (A405 nm) and SD shown. Statistical analysis showed significant
differences between the groups. Background reactivity of the sera with BSA at the corresponding dilution was subtracted. (d) In vitro production
of IFN-� by splenocytes stimulated with Pf70C-EB200 or PPD derived from mice primed with M. vaccae or not primed. Values are the means and
SD derived from three spleens. Values represent means of triplicate samples with SD. �, P � 0.05; ��, P � 0.01 with the respective controls.
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We further investigated whether heat-killed M. vaccae and
C. pneumoniae could prime for other HSPs, such as ML65 or
MTB70. No priming effect was promoted by C. pneumoniae
(not shown), but priming with heat-killed M. vaccae induced
increased levels of anti-ML65 and anti-MTB70 IgG antibodies
compared to mice immunized with ML65 or MTB70 alone.
Analysis of the IgG subclasses revealed that heat-killed
M. vaccae priming promoted a mixture of IgG1 and IgG2a
responses in mice boosted with ML65. In the MTB70-boosted
group, a predominant IgG1 response was induced (Fig. 5b).

Finally, we assessed the priming effect of heat-killed
M. vaccae on IFN-� production. Splenocytes isolated from
M. vaccae-primed mice secreted high levels of IFN-� in re-
sponse to ML65 and Hu60, whereas lower levels of IFN-� were
released in response to stimulation with EC65 (Fig. 5c).
Splenocytes from the untreated control group stimulated in
vitro produced significantly lower levels of IFN-� in response

to HSPs. A negligible amount of IFN-� was induced by MTB70
in splenocytes from primed mice (Fig. 5c).

The induction of autoreactive antibodies by HSPs. One of
the concerns for the use of HSPs as adjuvants in human vaccines
is the association of HSPs with the induction of autoimmune
conditions. To resolve this issue, we asked whether immunization
with HSPs could result in the generation of autoantibodies. We
first analyzed sera from immunized and untreated mice for their
capacity to bind to a number of antigens, namely, histone, TNP-
BSA, DNA, and collagen III, commonly used to detect autoan-
tibodies. The highest degree of cross-reactivity was observed in
the sera from mice primed with M. vaccae and boosted twice with
MTB70 (Fig. 6). No major cross-reactivity was observed in mice
immunized only with HSPs. Antibody deposits are frequently
observed in the kidneys of mice suffering from autoimmune dis-
eases caused by autoantibodies (3, 15, 41). Thus, to evaluate the
possible correlation between the observed cross-reactivity and

FIG. 5. (a) ELISA measurement of IgG anti-ML65 and anti-MTB70 antibody response elicited in mice after priming with heat-killed (HK) M.
vaccae and boosting with ML65 and MTB70, respectively. Statistical analysis showed significant differences at P values of �0.005 compared with
the respective control group by Student’s t test (�). (b) ML65- and MTB70-specific IgG1 and IgG2a antibody responses were measured from
individual sera, and titers are expressed as the log10 of the reciprocal of the highest dilution giving an OD of 1.0. (c) In vitro IFN-� production
by the splenocytes stimulated with various HSPs from mice primed with heat-killed M. vaccae. Splenocytes of individual mice from each group were
stimulated separately in triplicate with 10 �g/ml of each HSP and with 2 �g/ml of ConA (positive control) in 96-well cell culture plates and
incubated for 72 h at 37°C in 5% CO2. Cell supernatants were collected, pooled, and assayed for the presence of IFN-� by ELISA. Data are
expressed as the ratio between HSP and ConA stimulation multiplied by 100. Values represent means of triplicate samples (three spleens) with
SD. �, P � 0.005; ��, P � 0.07 with the respective controls.
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autoimmunity, we tested for the presence of antibody deposits in
kidneys from M. vaccae- and HSP-treated mice. Kidneys were
examined by using a direct immunofluorescence technique. As a
positive and negative control, we used kidneys from an HgCl2-
treated SJL mouse and nonimmunized mice, respectively. The
kidney sections from the HgCl2-treated SJL mouse showed a
strong deposit of immunoglobulins, while the M. vaccae- and
HSP-treated mice exhibited no such immune antibody complex
deposition and were comparable to the negative control (Fig. 7).
Only one of the kidneys is shown.

DISCUSSION

HSPs are highly conserved molecules and widely distributed
in prokaryotic and eukaryotic cells. It has been reported that
upon vaccination with BCG and other microorganisms, the

synthesis of bacterial HSPs is upregulated, which sensitizes the
T cells in the infected host (10, 20, 26). This phenomenon
could be advantageous for the improvement of vaccine strat-
egies. In the present study, we investigated BCG, M. vaccae,
and C. pneumoniae for the ability to prime for their induction
of secondary immune responses to evolutionarily diverse HSPs
and to the malarial antigen EB200 coupled to a fragment of
HSP70 (Pf70C).

We have demonstrated that BCG and M. vaccae are capable
of priming the immune system to respond to Pf70C and to the
peptide EB200 coupled to it. This is in agreement with previ-
ous reports showing that mycobacterial HSP70 and HSP65
contain strong T-cell epitopes and exert a helper effect in vivo
when conjugated to synthetic peptides or bacterial oligosac-
charides (5, 29). We also describe here that both BCG and
M. vaccae primed the immune system to induce memory re-

FIG. 6. Cross-reactivity of total Igs, IgM, and IgG1 antibodies against histone, TNP-BSA, DNA, and collagen III elicited in mice primed or not
primed with heat-killed M. vaccae followed by boosting twice with MTB70. Antibody responses were measured from pooled sera of three mice per
group. The sera were diluted in consecutive twofold dilutions, starting from 1:20 up to 1:640. ODs from 1:160 dilutions are presented here.

FIG. 7. Analysis for the presence of renal immune complex deposits of total Igs by using a direct immunofluorescence method. A direct
immunofluorescence assay was performed with FITC-conjugated rabbit anti-mouse Igs incubated on a kidney cryostat section from (a)
M. vaccae-primed and MTB70 (two times)-boosted mice, (b) HgCl2-treated SJL mice, and (c) nonimmunized mice. Staining of a glomerulus is seen
at 63� magnification. We show here the staining with a 1:40 dilution of the FITC-conjugated rabbit anti-mouse Igs.

VOL. 73, 2005 MYCOBACTERIA PRIME FOR HSPs 7693



sponses to phylogenetically diverse HSPs of different families
with high molecular weights (MW). No priming was observed
against the low-MW MTB16 and MTB10 HSPs. Priming of
mice with BCG or M. vaccae might lead to the induction of a
pool of memory T cells able to undergo clonal expansion upon
boosting with evolutionarily diverse HSPs by recognizing con-
served (cross-recognized) epitopes. Whether T cells can rec-
ognize conserved epitopes present only on high-MW HSPs
needs to be assessed.

Interestingly, two of the high-MW HSPs, namely, Hu60 and
EC65, induced a very high “primary” immune response com-
pared to the other HSPs tested. A possible explanation could
be that mice had been previously exposed to these two HSPs.
Mice are exposed to their own HSP60, which displays a high
degree of homology (97.6%) to human HSP60 (Table 1). Re-
garding the high “primary” response to EC65, it can be spec-
ulated that mice may also be exposed to E. coli-derived HSPs,
considering the fact that E. coli contributes to the intesti-
nal flora.

In contrast to BCG and M. vaccae, priming with C. pneu-
moniae was ineffective in inducing secondary responses to
HSPs. One explanation could be that the HSPs from C. pneu-
moniae are not well conserved. Alternatively, the mode of
infection with chlamydia may be different from that of myco-
bacteria, and the expression of chlamydial HSPs during infec-
tion may not be sufficiently upregulated to prime a memory
response.

Priming with heat-killed BCG or M. vaccae was also effective
in inducing both Pf70C- and EB200-specific antibodies to HSP
molecules. Proteins are usually denatured by heat treatment.
Therefore, the HSP priming effect induced by heat-killed bac-
teria was surprising. One explanation for the effectiveness of
heat-killed BCG and M. vaccae for priming the humoral re-
sponse may be that immunodominant HSP T-cell epitopes
remain intact after heat denaturation of the bacteria. Alterna-
tively, HSPs may be protected from heat denaturation inside
the cell. We found that even if the priming effect was reduced,
heat-denatured Pf70C could efficiently prime the immune sys-
tem (data not shown).

The involvement of bacterial HSPs in autoimmune phenom-
ena may be considered as a potential caveat for including HSPs
in human vaccines due to the homologies between bacterial
and human HSPs (18). Also, considering the risk of inducing
autoimmune disorders between HSPs and certain host tissue
antigens, we investigated whether antibodies induced in mice
immunized with MTB70 would cross-react with a panel of
autoreactive antigens. We found that cross-reactive antibodies
against TNP were preferentially induced in the M. vaccae- and
MTB70-treated mice. However, these cross-reactive antibodies
are also predominant in the control group, indicating that
cross-reactivity to TNP is possibly more related to the nature of
the hapten as such than to the stimulation by M. vaccae.

It has to be pointed out that the presence of cross-reactive
antibodies does not necessarily have to be correlated with
autoimmunity. Cross-reactive antibodies are frequently de-
tected in sera from healthy individuals (7, 28, 46) and com-
monly induced in primary immune responses shortly after chal-
lenge with the antigens. However, to evaluate the possible
involvement of the observed cross-reactive antibodies in auto-
immune reactions, we looked for the presence of antibody

deposits in the kidneys of the mice displaying the highest de-
gree of cross-reactivity in their serum. The rationale behind
this experiment was that deposits are frequently observed in
the kidneys of mice suffering from autoimmune diseases
caused by autoantibodies (3, 15, 41). No immune complex was
detected in the kidneys of these mice. Thus, even if not for-
mally proven, this observation suggests that the observed cross-
reactive antibodies were probably not pathological.

Moreover, the concept of HSPs as a cause for autoimmunity
is not clearly established. For instance, it has been shown that
the prevention of certain autoimmune conditions could be
achieved by pretreatment of animals with mycobacterial
HSP70 or with some defined epitopes in the HSP sequences.
T-cell immunity to HSP70 and to HSP65 has been shown to
modulate the arthritogenic response in adjuvant-induced ar-
thritis and to protect these animals from such autoimmune
reaction (47, 54). It has also been shown that mycobacterial
HSP70 triggers self-HSP cross-reactive T cells with the poten-
tial to downregulate arthritis (48, 53).

Most interestingly, a new concept suggesting a new role for
HSPs as sensors for internal and external danger is emerging
and may explain the presence of HSPs in the site of injury more
as a consequence than as the cause of the reaction. Different
experimental data strongly support the view that conserved
HSPs (self or foreign) are indeed negotiators between danger
and control mechanisms of autoimmunity (49). Thus, the prim-
ing to microbial HSP could be regarded more as a regulatory
effect than an enhancing event for autoimmunity. More studies
have to be performed to clarify this issue, but our findings that
the HSP70-induced cross-reactive antibodies do not accumu-
late in the kidney and thus are not apparently pathogenic
support this idea.

There is widespread recognition of the need for improved
vaccines for control of infectious diseases, and scientists are
searching for appropriate combinations of antigens and adju-
vants or suitable carrier molecules for inclusion in subunit
vaccines. The use of high-MW HSPs as carriers is particularly
interesting for the development of vaccine strategies, since
most humans have been in contact with microbial HSPs. BCG
is widely used as a vaccine against tuberculosis, and a large
number of people are sensitized to mycobacteria or other par-
asites through natural contacts. Moreover, sensitization to
HSPs has been reported to occur in individuals naturally ex-
posed to a wide variety of infections, such as malaria (24),
filariasis (34, 37), schistosomiasis (27), American trypanosomi-
asis (12), leprosy (9, 25), and candidiasis (17). It has also been
reported that vaccination against pertussis using a whole-cell
vaccine is capable of priming the immune system to respond to
microbial HSPs (10). Collectively, our results provide support
and offered rationale for the utility of HSPs in vaccine design.
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