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Heat shock protein 60 (hsp60) is constitutively expressed in the mitochondria of eukaryotic cells. However,
it has been identified in other subcellular compartments in several disease states and in transformed cells, and
it is an immunogenic molecule in various infectious and autoimmune diseases. To better understand the
factors that influence expression of hsp60 in normal cells in vivo, we analyzed its cellular and subcellular
distribution in mice infected with the intracellular bacterium Listeria monocytogenes. Western blotting of
subcellular fractionated spleen cells showed that although endogenous hsp60 was restricted to the mitochon-
dria in noninfected animals, it was associated with the plasma membrane as a result of infection. The low levels
of plasma membrane-associated hsp60 seen in the livers in noninfected animals subsequently increased during
infection. Plasma membrane hsp60 expression did not correlate with bacterial growth, being most evident
during or after bacterial clearance and persisting at 3 weeks postinfection. Using flow cytometry, we deter-
mined that Mac-1", T-cell receptor y8*, and B220" cells represented the major Hsp60* populations in
spleens of infected mice. By contrast, B220* cells were the predominant hsp60* population in livers of infected
mice. Of the immune cells analyzed, the kinetic profile of the yd T-cell response most closely matched that of
hsp60 expression in both the spleen and liver. Collectively, these findings show that during infection hsp60 can
be localized to the plasma membrane of viable cells, particularly antigen-presenting cells, providing a means
by which hsp60-reactive lymphocytes seen in various infectious disease and autoimmune disorders may be

generated and maintained.

Heat shock proteins (hsps) are highly conserved families of
proteins which play essential roles in the folding, unfolding,
and transport of proteins within both prokaryotic and eukary-
otic cells (reviewed in reference 15). Although hsps are up-
regulated under a number of stress conditions, many are con-
stitutively expressed in normal cells (28, 32, 33). The fact that
deletion of hsp60 is lethal (14) emphasizes the essential role
that this particular protein plays in protein assembly and cel-
lular growth. hsp60 exists as a multimer composed of 7 or 14
hsp60 molecules in a toroid formation (30, 48) in the cytoplasm
of prokaryotes or in the mitochondria of eukaryotes (4, 23). It
has been estimated that at least half of the soluble proteins of
Escherichia coli can form complexes with bacterial hsp60
(GroEL) while they are in unfolded or partially folded states
(48), and hsp60 is utilized in the folding pathway for such
enzymes as mouse dihydrofolate reductase (8, 30, 48) and
ribulose-biphosphate carboxylase of Rhodospirillum rubrum (48).

hsp60 has been shown to be an immunodominant antigen of
mycobacteria and other microorganisms (13, 26, 27). Mycobac-
terial hsp60 has been used as an adjuvant (39) and as a carrier
molecule for conjugated vaccines (2, 38) and has been identi-
fied as an antigen for af T cells in a rodent model of Myco-
bacterium tuberculosis-induced arthritis (47). Additionally, el-
evated anti-hsp60 antibodies have been detected in patients
with juvenile chronic arthritis, diabetes mellitus, and cystic
fibrosis (9), implying that hsp60 of either autologous or patho-
genic origins may be present extracellularly in these diseases.
The high degree of homology (>60%) between bacterial and
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mammalian forms of hsp60 has raised the possibility that hsp60
could be a potential antigen for autoimmune responses, and link
microbial infection and autoimmunity (28). In addition to homol-
ogy with microbial antigens, human hsp60 has sequence homol-
ogy with a number of other autoantigens (26). Cross-reactivity
between pathogenic hsp60s and other autologous proteins may,
therefore, play a role in some autoimmune diseases.

Although the functional hsp60 complex does not normally
appear outside the mitochondria in eukaryotes (23), several
recent studies have identified hsp60 in other subcellular com-
partments under certain stress conditions or disease states. In
studies using immunogold and electron microscopy, hsp60 has
been identified in the secretory granules and plasma mem-
branes of pancreatic cells of nonobese diabetic mice prior to
the onset clinical disease (6). Mammalian hsp60 has been iden-
tified on the surface of cells within the lesions of brain tissue
from patients with multiple sclerosis (MS) (44, 45), in sections
of intestinal tissue from patients with inflammatory bowel dis-
ease (37), and in in vitro-propagated primary (24) as well as
transformed (17) cell lines.

The significance of any extramitochondrial hsp60 expression
by normal nontransformed cells in intact animals and the in
vivo conditions under which this pattern of expression occurs
are not known. The purpose of this study, therefore, was to
investigate the expression of hsp60 in vivo in mice infected with
the intracellular bacterium Listeria monocytogenes to deter-
mine whether hsp60 expression increases in various subcellular
compartments during the course of infection and the host
immune response, and to identify any hsp60 surface-positive
(hsp60™) cells.

MATERIALS AND METHODS

Animals. Female BALB/cByJ mice were obtained from the Jackson Labora-
tory (Bar Harbor, Maine) and were used between 8 and 12 weeks of age.
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Antibodies and reagents. The hybridoma cell line 24G2, which secretes a
monoclonal anti-mouse Fc receptor (FcR) antibody, was obtained from the
American Tissue Culture Collection (Rockville, Md.), and intact antibody was
isolated from culture supernatants by protein G affinity chromatography. The
following antibodies were obtained from commercial sources. Anti-mouse T-cell
receptor (TcR) ap-fluorescein isothiocyanate (FITC) (clone H57-597), v8 TcR-
FITC/phycoerythrin (PE) (GL3), Mac-1-FITC (M1/70-15), F480-PE (F4/80),
B220-FITC/PE (RA3-6B2), GR1-FITC (RB6-8C5), CD3-FITC (500-A2), CD3-
biotin/PE (CT-CD3), anti-mouse immunoglobulin G1 (IgG1)-biotin (LO-MG1),
anti-mouse IgG1-horseradish peroxidase (HRP) (LO-MG1), anti-rabbit-FITC,
strepavidin-allophycocyanin, and strepavidin-alkaline phosphatase (AP) were
purchased from Caltag (San Francisco, Calif.); anti-mouse CD45.2-biotin (104)
and V34-FITC (GL2) were obtained from Pharmingen (San Diego, Calif.);
strepavidin-FITC, -PE, and -Red670 were obtained from Life Technologies
(Gaithersburg, Md.); the anti-hsp60 antibody LK2 was purchased from Stress-
Gen (Vancouver, British Columbia, Canada). The anti-TcRV®36.3 antibody 17C
was generated in this laboratory (3). A rabbit anti-Listeria antiserum was kindly
provided by Daniel Portnoy (University of California, Berkeley). A human an-
tiserum reactive with subunits of the pyruvate dehydrogenase complex (PDC)
from a patient with primary biliary cirrhosis was obtained from M. Eric Gershwin
(University of California School of Medicine, Davis). Mouse and hamster IgG
was purchased from Sigma (St. Louis, Mo.).

Preparation of L. monocytogenes. Stocks of L. monocytogenes wild-type strain
10403S were established as described previously (3). The LDs, (number of
bacteria which caused lethality in 50% of adult BALB/c mice injected intrave-
nously with L. monocytogenes) was empirically determined to be 3 x 10* CFU.
Mice were injected via the tail vein with L. monocytogenes diluted in 100 wl of
Ca®*- and Mg>"-free) phosphate-buffered saline (PBS). The number of L.
monocytogenes in the spleen and liver was determined by weighing a portion of
each tissue, homogenizing the tissue in a Dounce homogenizer, plating serial
dilutions of the homogenate on Luria broth agarose plates, and determining the
number of cfu after 16 to 24 h of incubation at 37°C. Lysates of L. monocytogenes
for Western blotting experiments were prepared by lysozyme digestion and
boiling as described elsewhere (41). Briefly, log-phase bacteria were pelleted,
resuspended in 2 ml of lysozyme solution (2.5 mg/ml; Sigma), per ml, and
incubated at 37°C for 90 min. The lysate was boiled for 5 min; 1 to 5 pg of protein
was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) to confirm cell lysis and protein integrity, aliquoted, and stored at
—70°C until used.

Cytofluorometric analysis. Four-color fluorescence was used for the kinetic
and phenotypic analysis of spleen and liver cells. Spleens and livers from infected
mice were minced into cold (4°C) Hanks-buffered saline with 7% fetal calf serum
and antibiotics (Hfa medium for spleen cells or into Hepatozyme medium (Life
Technologies) containing 5% fetal calf serum and antibiotics for liver cells.
Tissues were passed through 100-gauge nylon mesh to obtain a single-cell sus-
pension. One hundred-microliter aliquots of 10° cells were added to individual
wells of V-bottom 96-well microtiter plates. Staining of liver cells was performed
in Hepatozyme medium to preserve the membrane integrity of hepatocytes. All
antibody incubations were carried out on ice for 20 to 30 min each. Each sample
was first incubated with the monoclonal anti-mouse FcR antibody 24G2 and
mouse and/or hamster IgG to reduce nonspecific reactivity of antibodies with
FcR™ cells. After being washed with Hfa or Hepatozyme medium, cells were
incubated with biotin-conjugated antibodies, washed, and then incubated with
fluorochrome-conjugated strepavidin and fluorochrome-conjugated antibodies.
For controls, duplicate cell samples were incubated with isotype-matched anti-
bodies of irrelevant specificity. Stained cells were run on a FACScan (Becton
Dickinson) and analyzed with CellQuest (Becton Dickinson) software.

Immunohistochemistry. A dual immunofluorescence-AP method was used to
localize hsp60" and Mac-1"* cells, or hsp60* and L. monocytogenes-infected
cells, in the spleens of mice after infection with a sublethal dose (0.36 to 0.38
LDsg) of L. monocytogenes. Spleens were removed intact and snap-frozen in
Tissue Tek (Miles Inc., Elkhart, Ind.)-2-methylbutane and stored at —80°C until
sectioned. Frozen 7-pm sections were fixed in acetone and incubated with mouse
1gG (50 pg/ml) diluted in Tris-buffered saline (TBS; 10 mM Tris-150 mM
NaCl)-1% bovine serum albumin (TBS-BSA) to prevent nonspecific binding of
antibodies. To visualize hsp60" and Mac-1" cells, sections were sequentially
incubated with anti-Mac-1-biotin, strepavidin-AP, and anti-hsp60 (LK2)-FITC.
To visualize hsp60™ and L. monocytogenes-infected cells, sections were sequen-
tially incubated with rabbit anti-L. monocytogenes antiserum, anti-hsp60 (LK2)-
biotin, and anti-rabbit-FITC together with strepavidin-AP. Control, duplicate
samples were incubated with isotype-matched antibodies or normal serum. The
optimal concentration of each antibody was empirically determined in a series of
preliminary experiments. Antibodies were diluted in TBS-BSA, and all incuba-
tions were performed in humidified chambers at 20°C for 30 min. In some
instances AP staining was amplified by using a tertiary rat AP anti-AP antibody
(Serotec/Harlan Bioproducts, Indianapolis, Ind.). AP activity was visualized by
using the fluorescent Vector red substrate (Vector Laboratories, Burlingame,
Calif.). Sections were counterstained with methyl green prior to mounting and
photomicroscopy.

Subcellular fractionation. All procedures for fractionation were performed at
4°C. Cellular lysis and fractionation into nuclear, mitochondrial, cytoplasmic,
plasma membrane, and secreted fractions were carried out by using a combined
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and modified version of the methods of Jett et al. (25), Balch and Rothman (1),
Depierre and Dallner (10), and Hubbard (22). Briefly, four to seven mice per
time point were sacrificed by cervical dislocation and immediately put on ice for
dissection. Spleens and livers were removed, and a small portion of each taken
to determine L. monocytogenes CFU. The remainder was weighed, minced in
cold Dulbecco modified Eagle medium for spleens or cold Hepatozyme medium
containing 0.05% (wt/vol) collagenase (Sigma) for livers, passed through 100-
gauge nylon mesh to separate cells, and centrifuged at 200 X g for 5 min. The
supernatant was collected as the secreted protein fraction. The cell pellet was
resuspended and washed in either Dulbecco modified Eagle medium or Hepa-
tozyme medium, and the number and viability of cells were determined. Aliquots
of cell suspensions were also tested for the presence of succinate reductase (SR)
to determine whether mitochondria were intact. If SR activity was detected, then
the cell samples were discarded. Three million cells were removed for fluores-
cence-activated cell sorting staining, and the remainder were lysed by the glycerol
swell method (25). Glycerol in Hanks buffer (90%, vol/vol) was added to each
solution in three equal increments 5 min apart for a final concentration of 30%
glycerol. After the final addition of glycerol, cells were allowed to stand for 15
min for osmotic swelling.

Cells were then centrifuged at 1,200 X g for 10 min, and the supernatant was
taken as the glycerol fraction and tested for SR activity. Cells were then lysed by
being quickly resuspending in hypotonic 0.25 M sucrose-10 mM Tris-HCI-1.5
mM MgCl, (0.25 M STM), incubated for 10 min with occasional vortexing, and
then broken by 10 strokes in a Dounce homogenizer. A small volume of the
lysate was then taken for marker enzyme assays, including SR assay (11, 36, 46).
Cell lysis was also evaluated microscopically. The lysate was vortexed and over-
laid onto 800 w1 of 2.5 M STM (2.5 M sucrose, 10 mM Tris-HCI, 1.5 mM MgCl,),
which in turn was overlaid with 0.25 M STM prior to centrifugation at 100 X g
for 50 min at 4°C. The cytosol (upper portion) and nuclear (lower portion)
fractions were removed and assayed for marker enzyme activity and protein
content. The membrane fraction (interface) was broken by repeated pipetting
and vortexing for 1 min prior to further fractionation on a discontinuous sucrose
gradient into fractions of 200 pl each at densities of 1.300 (2.5 M STM) to 1.00
g/ml in increments of 0.015 g/ml (0.12 M STM) prepared in 5-ml polyvinyl
centrifuge tubes. After centrifugation at 100 X g for 75 min at 4°C, 13-drop
fractions were collected by using a pump and capillary tubing until the first visible
membrane interface was reached. Remaining fractions were removed by pipet-
ting 250-pl increments from the gradient surface. Each fraction was then tested
for marker enzyme activity. Membrane fractions containing high levels of mito-
chondrial marker enzyme (SR) activity and low levels of plasma membrane
marker enzyme (alkaline phosphodiesterase I [APD]) activity were pooled as the
mitochondrial fraction. Fractions with high levels of APD and low levels of SR
were pooled and used as the plasma membrane fraction. All fractions were
assayed for protein content by using the Bio-Rad (Hercules, Calif.) protein assay,
diluted or concentrated if necessary, and then immediately analyzed by Western
blotting. EL4 cell lysates were prepared by freezing intact cells in a dry ice-
ethanol bath and transferring the cells to —20°C for 16 h, thawing them at room
temperature, and boiling them for 5 min. The extent of cell lysis and protein
integrity was evaluated by SDS-PAGE. Lysates were aliquoted and stored at
—70°C until used.

Marker enzyme assays. Colorimetric assays were used to determine the level
of enzyme activity in different subcellular fractions. Lactate dehydrogenase was
used as the marker enzyme for the cytosol and was assayed as described previ-
ously (46). The assay for APD, used as the marker enzyme for the plasma
membrane, was done with sodium thymidine 5’-monophosphate p-nitrophenyl
ester (Sigma) as the substrate (36). The assay for SR, used as the marker enzyme
for mitochondria, was done with 2-(p-indolphenyl)-3-(p-nitrophenyl-5-phe-
nyl)tetrazolium (Sigma) as the substrate (36).

Western blotting. Fifteen micrograms of protein from each of the liver and
spleen subcellular fractions or EL4 cell lysate and 20 wg of L. monocytogenes
cellular protein were electrophoretically separated on 5-10-15% step gradient
SDS-polyacrylamide gel G and transferred to Hybond-C nitrocellulose (Amer-
sham, Arlington Heights, Ill.). Membrane blots were first blocked with TBS
containing 5% dry milk powder for 60 min and then incubated with the mouse
TIgG1 anti-hsp60 antibody LK2 (80 pg/200 cm?), diluted in TBS-5% milk for 60
min at 20°C. Blots were washed twice for 15 min in TBS with vigorous shaking
and then incubated with 70 pg of anti-mouse IgG1-HRP in TBS-5% milk for 60
min with slow shaking. The blots were then washed briefly twice (15 min each)
and once for 14 to 16 h before development using an enhanced chemilumines-
cence detection kit (Amersham). For reprobing of the blots with an anti-PDC
antiserum, residual peroxidase activity was quenched, and the blots were incu-
bated with the anti-PDC antiserum or normal human serum (1:4,000 dilution),
washed, incubated with an HRP-conjugated anti-human Ig antibody (Caltag),
and developed by chemiluminescence as described above.

RESULTS

Experimental approach. Female adult (6- to 8-week-old)
BALB/c mice were infected intravenously (0.3 to 0.48 LDs)
with of L. monocytogenes 10403S, and the two major sites of
infection, liver and spleen, were analyzed for expression of
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FIG. 1. Detection of hsp60 expression in spleens of Listeria-infected mice.
Spleens from BALB/c mice 3 (top) and 6 (bottom) days after infection with L.
monocytogenes (0.38 LDs,) were sectioned, fixed in acetone, and stained with
antibodies specific for macrophages (Mac-1-biotin plus avidin-AP; red cells) and
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FIG. 2. Separation of mitochondria and plasma membrane of spleen and
liver cells. Cells were fractionated, and individual fractions were tested for
activity of marker enzymes for mitochondria (SR; m) and plasma membrane
APD; O). Fractions containing highest levels of each enzyme (arrows labeled M
for mitochondria and PM for plasma membrane) were combined and used as the
final mitochondrial and plasma membrane fractions in Western blot experi-
ments. Profiles are typical of those obtained in all experiments.

hsp60 by three independent methods. First, immunohisto-
chemistry was used to identify hsp60 in situ in infected tissues.
Second, subcellular fractionation and Western blotting were
used to determine the subcellular distribution of hsp60 in
spleen and liver cells of infected mice. Third, antibody staining
and flow cytometry were used to identify and quantitate spleen
and liver cells that might express surface hsp60 prior to and
after infection.

Expression of hsp60 in situ in the spleen after infection with
L. monocytogenes. Dual-label immunohistochemical analysis
was used to localize hsp60 expression in situ in organ sections
from infected mice. Tissues were snap-frozen, sectioned, and
stained with antibodies for hsp60 (LK2-FITC) and Mac-1
(Mac-1-biotin plus avidin-AP) or with hsp60 (LK2-biotin plus
avidin-AP) and a rabbit anti-L. monocytogenes antiserum (plus
FITC-conjugated anti-rabbit Ig). Due to the inherently high
autofluorescence and nonspecific staining in liver sections from
infected mice, spleen sections were used for the majority of
these experiments.

In sections of spleen from noninfected mice, it was not
possible to detect any staining with the anti-hsp60 antibody
LK2 above that of sections stained with control antibodies
(data not shown). In infected animals, high levels of staining
with LK2 were evident at day 3 in the spleen (Fig. 1), with the

hsp60 (LK2-FITC; light green cells). The bottom photomicrograph shows that
the majority of Mac-1" cells are also hsp60* and appear yellow-orange. The
staining patterns shown are typical of those obtained in more than six indepen-
dent experiments.
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TABLE 1. Determination of subcellular fraction purity by mitochondrial (SR) and plasma membrane (APD) marker enzyme activity

% of total enzyme activity (mean * SD [z = 3])

Day Fraction Liver Spleen
SR APD SR APD
0 Nuclear 24 +1.9 2.8 2.5 114+ 1.0 42 +0.1
Mitochondrial 92.5 = 8.6 18.7 = 15.6 66.9 = 0.9 354 +3.8
Cytosolic 0.1 = 0.06 6.5+52 114+ 18 6.8 +5.7
Plasma membrane 49 + 6.6 76.2 = 16.1 103 +1.7 53.6 =19
1 Nuclear 45 +3.1 28=+13 7.0+ 2.1 240+ 1.4
Mitochondrial 77.8 £9.5 342 =88 74.0 £33 31.6 £ 2.8
Cytosolic 1.1 =09 44+09 64=*+13 1.1+05
Plasma membrane 16.6 = 11.4 58.6 = 11.1 12.6 = 0.1 433 =38
3 Nuclear 42 +6.3 2.1 +0.1 48 23 9.1+7.0
Mitochondrial 784 +17.5 385+ 1.7 798 £7.9 41.0 = 4.8
Cytosolic 39 + 6.8 6.8 = 0.8 53+4.1 0.9 £ 0.6
Plasma membrane 13.2*+6.5 527 £ 1.1 10,1 =14 49.0 = 1.6
6 Nuclear 1.9+ 3.6 1.7+03 9.8 +0.2 13.2+04
Mitochondrial 93.1 £ 8.8 52974 66.2 =33 355 £ 11.6
Cytosolic 2.0+ 3.1 52+02 13.7+179 0.8 0.1
Plasma membrane 33+2.1 40573 103 =44 50.5 = 11.1
9 Nuclear 1.2+23 1.9 +09 3.6 1.8 13.0 = 3.5
Mitochondrial 89.2 +4.4 43.4 = 8.0 76.1 7.3 37.6 1.2
Cytosolic 1.7 3.0 4.8 3.1 9.7+ 2.1 1.4+ 0.6
Plasma membrane 79 = 1.1 50.7 £ 4.2 10.6 = 3.3 48.0 £53
26 Nuclear 1.6 = 2.7 1.0 £ 0.1 23+04 120 =04
Mitochondrial 81.9 9.9 363 28 83353 155 +0.1
Cytosolic 25+42 48 =38 24 +0.3 1.6 £ 0.1
Plasma membrane 13.7 25 579 £ 2.6 120 =44 70.9 = 0.6

number of hsp60-stained cells increasing by 6 days postinfec-
tion. The halo-like pattern of staining and absence of any
punctate cytoplasmic (mitochondrial) staining of intact cells in
nonpermeabilized tissue sections was consistent with surface
staining by the anti-hsp60 antibody (Fig. 1). Dual-staining ex-
periments demonstrated that some hsp60™ cells also expressed
Mac-1, indicating that monocytes/macrophages were surface
hsp60 positive after infection. Of note, the presence of orange-
stained (Vector red plus FITC) cells in the spleen of mice at 6
days postinfection indicated that a large number of Mac-1"
cells coexpressed hsp60.

Since bacterial numbers peak between 3 and 5 days postin-
jection in both liver and spleen (see Fig. 6F and 7F), the
increase in level of hsp60 immunofluorescence staining seen at
6 days postinfection did not correlate with the level of L.
monocytogenes found in each organ. Additional immunohisto-
chemical staining experiments using a rabbit anti-L. monocy-
togenes antiserum in conjunction with the anti-hsp60 antibody
demonstrated that the majority of L. monocytogenes-infected
cells were not hsp60 surface positive (data not shown). This
does not, however, exclude the possibility that at least some of
the hsp60" macrophages that did not stain with the anti-L.
monocytogenes antibody had previously taken up and destroyed
the bacteria.

Increased hsp60 in mitochondrial and plasma membrane
fractions of cells from livers and spleens of infected animals.
Since the pattern of immunohistochemical staining was consis-
tent with increased hsp60 in the plasma membrane of cells
from infected tissues, we investigated the subcellular distribu-
tion of hsp60 in liver and spleen cells at various times after
infection. A continuous subcellular fractionation protocol was

developed to separate the nuclear, mitochondrial, cytosolic,
and plasma membrane fractions of spleen and liver cells.
Equivalent amounts of total protein of each fraction were then
electrophoretically separated, transferred to nitrocellulose,
and probed for hsp60 by Western blotting. Since our main
interest was in evaluating the amount of hsp60 associated with
the plasma membrane and to minimize the possibility that
hsp60 from mitochondria could contaminate other fractions,
the subcellular fractionation protocol was developed to opti-
mize the purity of the plasma membrane fraction.

Figure 2 depicts results that are typical of the final step in
separating the mitochondria from the plasma membrane and
the assaying of individual fractions from the discontinuous
density gradient for the mitochondrial enzyme marker SR and
the plasma membrane enzyme marker APD. Fractions show-
ing peak activity and minimal cross-contamination were col-
lected, pooled, and used as the mitochondrial and plasma
membrane fractions in subsequent Western blotting experi-
ments. In addition, nuclear and cytosolic fractions were also
tested for APD and SR activity to determine fraction purity
(Table 1). In the liver, the level of contamination of the plasma
membrane fractions with SR ranged from 3.3% = 2.1% of the
total activity detected in all of the subcellular fractions on day
6 to 16.6% = 11.4% on day 1. The level of SR activity present
in the plasma membrane fractions of the spleen ranged from
10.1% = 1.4% on day 3 to 12.6% = 0.1% on day 1. As
expected, the highest levels of SR activity were found in the
mitochondrial fractions of both the liver (78 to 93%) and
spleen (66 to 83%).

Equivalent amounts of total protein from each of the four
subcellular fractions of spleen and liver cells from mice at
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TABLE 2. Subcellular distribution of hsp60 in spleen and liver fractions of Listeria-infected mice, determined by densitometry readings

% of total hsp60 expression (mean * SD [n = 3])

Fraction

Day 0 Day 1 Day 3 Day 6 Day 9 Day 26
Liver
Nuclear 2.1 x40 22.0 £ 4.7 11.5+59 13175 184 =175 140+14
Mitochondrial 472 =139 37.0 = 19.0 372+ 124 34169 40.3 =214 10.4 = 0.1
Cytoplasmic 241 +£9.6 26.7 £ 19.8 394 +38 21453 169 = 5.0 13.1 6.3
PM“ 26.7 = 9.8 143 £55 11.8 £ 44 315+34 244 + 18.4 625 *7.9
PM as % of mitochondria 55.6 38.6 31.7 92.4 60.5 600.9
Spleen
Nuclear 6.2 *+34 2.0=*2.0 152+ 143 183 £ 11.9 9.2+ 84 0.1 0.5
Mitochondrial 82.5 £ 0.6 943 +21.3 672 159 46.4 = 5.1 66.7 = 12.2 65.1 £0.2
Cytoplasmic 0.7=*+28 2.1+4.0 2.1*x27 154 £ 2.8 2.6 = 0.1 0.1 =49
PM 10.5 = 0.1 1.5+29 155+13 19.9 = 8.0 21.5 =109 347 4.1
PM as % of mitochondria 12.7 1.6 23.1 429 322 53.1

“ PM, plasma membrane.

various times after infection were analyzed by Western blotting
for expression of hsp60, using antibody LK2 and chemilumi-
nescence to detect bound antibody. Scanning densitometry of
developed blots was used to determine the relative amounts
and distribution of hsp60 in the fractions of each sample (Ta-
ble 2). As controls, total cell lysates from L. monocytogenes and
ELA4, a mouse lymphoma cell line, were included on each gel
(Fig. 3). Since the LK2 antibody reacted with EL4 but not L.

Controls Liver Spleen
L E std N M C P std N M C P std
- - - 97.4K
do - e — S| 66K
- - - 46K
d1 e 5 - —— 5 e %
d3 - || ~eoe—- | e -
dé e - ——— —— e —
d9 — | ———— T A S
d26 - || —— || - -

FIG. 3. Subcellular distribution of hsp60 in vivo during infection. Spleen and
liver cells from mice at various times (days [d]) after infection with L. monocy-
togenes (0.34 LDs,) were fractionated, and 15 pg of protein from the nuclear (N),
mitochondrial (M), cytoplasm (C), and plasma membrane (P) fractions were
analyzed for hsp60 expression by Western blotting. Molecular weight markers
(std) and total cell lysates of L. monocytogenes (20 pg; L) and EL4 (15 pg; E)
were included on each gel. The results shown are representative of those ob-
tained in three independent experiments. The horizontal lines on each blot
represent positions of molecular weight standards (97.4, 66, and 46 kDa).

monocytogenes, the hsp60 identified on these blots was autol-
ogous murine hsp60.

Endogenous hsp60 expression in the various subcellular
compartments changed during the course of infection (Fig. 3
and Table 2) and remained high as long as 3 weeks after
infection. In the liver, hsp60 expression in naive animals (day
0) was mainly restricted to the mitochondrial fraction, al-
though the cytoplasmic and plasma membrane fractions con-
tained low levels of hsp60. During the course of infection, the
level of hsp60 in the plasma membrane fractions increased
until day 6 and then declined by day 9. Levels of mitochondrial
hsp60 also increased, peaking on day 3. A large increase in
plasma membrane hsp60 was seen on day 26, more than 2
weeks after resolution of the infection, and was over sixfold
higher than the level of hsp60 seen in the mitochondria at this
time (Table 2).

In spleens of naive mice, hsp60 was, as expected, localized to
the mitochondria, no hsp60 was detected in the other cellular
fractions, including the plasma membrane. Three days after
infection, hsp60 was detected in the plasma membrane frac-
tions, with relatively higher levels seen on day 6 (Fig. 3). Sub-
sequently, the plasma membrane levels decreased at day 9 and
then increased again at 3 weeks postinfection, similar to the
pattern seen in the liver. Consistent with the results of the
immunohistochemical studies, the profile of hsp60 expression
in the plasma membrane fractions did not coincide with that of
bacterial CFU in either organ (see Fig. 6F and 7F).

The purity of the plasma membrane fractions (Table 1) and
level of hsp60 expression in each of the subcellular fractions
(Table 2) strongly suggest that the plasma membrane-associ-
ated hsp60 seen in organs from infected mice is unlikely to be
attributable to contamination by mitochondrial proteins. If the
plasma membrane-associated hsp60 was due to mitochondria
leakage or damage and cross-contamination, the plasma mem-
brane fractions should contain similar amounts of other mito-
chondrial proteins, such as SR. This is not the case. For exam-
ple, in liver cell samples from day 6, at which high levels of
hsp60 are detected in plasma membrane fractions, approxi-
mately one-third of the total hsp60 present is in the plasma
membrane fraction, whereas only 3% of the total mitochondria
SR activity is found in this fraction. Similarly, the day 6 plasma
membrane fraction in the spleen accounts for approximately
20% of the total hsp60 but only 10% of the SR activity. Sam-
ples from day 26 postinfection emphasize this point further,
with 63% of the total hsp60 expression and 14% SR activity
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FIG. 4. Subcellular distribution of the PDC in spleens and livers of Listeria-
infected mice. Western blots originally probed with anti-hsp60 antibody (Fig. 3)
were stripped and reprobed with an antiserum from a patient with primary biliary
cirrhosis containing high-titer antibodies to PDC. Bound antibody was visualized
by chemiluminescence as described in the legend to Fig. 3. The subunits of PDC
present in the samples are indicated on the left. The horizontal lines on each blot
represent positions of molecular weight standards (97.4, 66, 46, and 30 kDa). d1,
d3, and d6, 1, 3, and 6 days postinfection.

present in the liver plasma membrane fraction, while 35% of
the total hsp60 and 12% of the SR are present in the plasma
membrane fraction of the spleen. The subcellular redistribu-
tion and localization to the plasma membrane of mitochondrial
proteins was, however, not unique to hsp60.

Reprobing of the Western blots analyzed for hsp60 with an
antiserum containing high-titer antibodies to the mitochon-
drial PDC showed that subunits of this complex, particularly
E3, were also associated with the plasma membrane fractions
of spleen and liver cells (Fig. 4). Importantly, however, the
profiles of PDC and hsp60 plasma membrane expression were
nonoverlapping. Plasma membrane-associated hsp60 was de-
tected in the absence of PDC (compare data for day 3 in Fig.
3 and 4) and vice versa (day 1 in Fig. 3 and 4). Plasma mem-
brane expression of PDC was not consistent, and E3 expression
in the plasma membrane was sometimes higher than in mito-
chondrial fractions, which argues against the redistribution of
PDC (or hsp60) being attributable to contamination by mito-
chondrial proteins during the fractionation procedure.

Identification of cells expressing surface hsp60. Four-color
flow cytometric analysis was used to identify and quantitate
cells of different lineages that express surface hsp60 before and
at various times after infection. Light scatter properties and/or
vital dye stains were used to exclude apoptotic and dead cells
from this analysis. The number of granulocytes (GR1%),
monocytes/macrophages (Mac-1"), B cells (B220™"), a8 T cells

INFECT. IMMUN.

Liver Spleen

Hsp60 ——»

FIG 5. Increased hsp60 expression on macrophages in livers and spleens of
infected mice. Spleen and liver cells obtained from mice at various times after
infection were analyzed by flow cytometry. hsp60 expression by monocytes/
macrophages was determined by gating on Mac-1" cells and analyzing for hsp60
expression. The filled and open plots show profiles of staining obtained with
anti-hsp60 (filled profiles) and an isotype-matched antibody, respectively; num-
bers represent percentages of Mac-1* cells which are hsp60™.

(aBTcR™), and 8 T cells (ydTcR™) was determined from the
frequency of stained cells and the total number of viable cells
recovered from each tissue. Isotype-matched antibodies of ir-
relevant specificity were used to determine levels of back-
ground staining.

Representative anti-hsp60 antibody staining profiles for
Mac-1" spleen and liver cells are shown in Fig. 5. Consistent
with the results of the subcellular fractionation and Western
blotting experiments, flow cytometric analysis confirmed
plasma membrane expression of hsp60. The profiles of hsp60
expression in both the liver and spleen as determined by these
two methods were also comparable. In the liver, the total
number of hsp60™ cells increased up to day 6 postinfection,
after which it decreased at day 9 and then increased again at
day 21 (Fig. 6F). As was seen in the immunohistochemistry and
subcellular fractionation experiments, hsp60 expression did
not correlate with bacterial numbers, which peaked on day 3
and were no longer detected by day 9 postinfection (Fig. 6).

Macrophages, B cells, and y8 T cells were the major hsp60-
expressing cells in the liver. On day 6, the first peak of hsp60™
cells, macrophages (31%), and yd T cells (27%) made up the
majority of the hsp60™ cells (Table 3). By day 21 postinfection,
corresponding to a second peak in hsp60™ cells, the majority of
hsp60™ cells were B220™ (31%) or v8 T cells (35%). Of note,
the kinetic profile of y8 T cells most closely matched that of
hsp60™ cells, with the number of y3 T cells peaking on days 6
and 21 postinfection coincident with peaks of hsp60™* cells
(Fig. 6). As seen previously (3), V34" and V36.3" cells dom-
inated the y8 T-cell response to L. monocytogenes infection
(data not shown). The largest number of y3 T cells was seen at
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FIG. 6. Kinetic profiles of cellular response, hsp60 expression, and bacteria in the liver. Before and at various times after infection with L. monocytogenes (0.30
LDsy), the numbers of granulocytes (GR1), monocytes/macrophages (Mac-1), B cells (B220), af T cells (¢fTcR) and 3 T cells (vdTcR) present in the liver were
determined from total cell counts, and the proportion of cells reactive with lineage-specific antibodies as determined by flow cytometry. Closed symbols, total cell
numbers; open symbols, numbers of hsp60* cells of each cell subtype. Panel F shows the bacterial CFU (O) and total number of surface hsp60™ cells (0). All values
are means from four animals. Standard deviations were <20% in all cases and for the sake of clarity are not shown.

3 days postinfection and 21 days postinfection, at which time
the majority were also hsp60™ (Fig. 6). Also of note was the
large number of B220™" cells present in the liver at 21 days
postinfection. By contrast, GR1* and aBTcR™ cells reached
maximal numbers on day 9. With the exception of afTcR™
cells at 9 days postinfection, a3 T cells and granulocytes com-
prised less than 6% of hsp60™ cells throughout infection (Ta-
ble 3).

As seen in the liver, the kinetic profile of hsp60 cell surface
expression in the spleen did not correlate with that of bacterial
numbers (Fig. 7F). Although the number of GR1", aTcR™,
and y8TcR™ cells showed similar kinetic profiles in the spleen
as in the liver, the profile of macrophages and B cells were
distinct (Fig. 7). In contrast to the liver, B220" cells repre-
sented the largest population of hsp60™ cells in the spleen at
all of the time points analyzed (Table 3). Similar to the liver,
the kinetic profile of total y8 T cells most closely matched that
of hsp60™ cells (Fig. 7), and the response was dominated by
V34" or V86.3" cells (data not shown). In addition, y3 T cells
also made up a significant proportion (15 to 30%) of hsp60™
cells, particularly after 3 days postinfection, similar to that seen
in the liver (Table 3).

In summary, the profile of hsp60 expression in the livers and
spleens of infected mice is concordant with that obtained by
subcellular fractionation and Western blotting. The composi-
tions of hsp60™* cells are, however, different in these tissues,
although antigen-presenting (APCs) cells are the predominant
hsp60™ population in the liver (macrophages) and spleen (B
cells). Finally, whereas the kinetic profile of plasma mem-
brane-associated hsp60 expression does not overlap with bac-
terial numbers, it does parallel the kinetics of yd T-cell involve-
ment in both liver and spleen.

DISCUSSION

The results described in this study demonstrate that the
cellular and subcellular distribution of hsp60 in cells of the
liver and the spleen changes in response to L. monocytogenes
infection. Using three independent experimental approaches,
we have shown that although hsp60 is not found on cell sur-
faces in healthy noninfected animals, L. monocytogenes infec-
tion results in expression of hsp60 on the plasma membrane of
viable intact cells in the liver and spleen. In particular, APCs
such as B cells and macrophages are surface hsp60™. In addi-

TABLE 3. Distribution of hsp60™ cells in the liver and spleen, determined by flow cytometric analysis

% of total hsp60™* cells (mean = SD [n = 4])

Day Liver Spleen
B220" Mac-1* afTCR™ ydTCR™ GR1™" Other B220* Mac-1* afTCR*  43TCR* GR1™"

0 88+28 297x116 58x24 15473 09*x08 393110 656=*213 154x52 41x37 15074 0.0=00
1 17056 49.0*=149 29=*x17 259*x136 11x03 42x27 57.7%x165 204=*=106 3330 146*59 45*x14
3 7.6+33 273%93 2014 431*+153 08*04 92=*x30 488%229 225*x94 11x10 24983 27=*12
6 15928 315*=188 51=*x28 275*x45 14x07 185x28 458*=7.0 13.1=x52 9.0x32 301*x43 15x04
9 5532 171x71 158*x62 487x171 19x11 111*x32 587*x216 99*x18 83x35 170x13 32*x1.6
21 31.1%=43 7147 1508 350x128 09*08 244*+64 545%=9.7 111x19 66=*24 237x14 05%x04




4198 BELLES ET AL.

15 50

INFECT. IMMUN.

300

c GR1 Mac-1
o

6

5 10

o 25 ]
2

o 5 \

Q

©

o

- 0. o

T

B220

013609 21 01369 21 613619 21

120 60 160 = 10

= afTCR ydTCR l/' f’_

g L 4

] 10

g B =]
2 60 '\ 30 | Vv 80 | 3
2 —102 ©
o —

(<]
‘e ~10°
Folppat B o o- |

0136 9 21

0136 9 21

01369 21

Days Post-Injection

FIG. 7. Kinetic profiles of the cellular response, hsp60 expression, and bacteria in the spleen. Spleen cells were analyzed and the different populations were
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CFU (O) and total number of surface hsp60* cells (O). All values are means from four animals. Standard deviations were <20% in all cases and for the sake of clarity

are not shown.

tion, our results demonstrate that surface hsp60 expression
does not correlate with the kinetics of bacterial growth. Sur-
prisingly, elevated levels of hsp60 are still present 2 weeks after
resolution of the disease.

Although we know neither how the subcellular distribution
of hsp60 is regulated nor the biological significance of plasma
membrane-associated hsp60, there are several possible expla-
nations. Increased hsp60 on cell surfaces could simply be an
indicator of cellular stress, possibly produced directly by infec-
tion or indirectly by cytokines and fever. Production and repair
of proteins increase during stress and infection, and hsp60 is
necessary to these processes (15). hsps also have long half-
lives, and so it is possible that hsp60 is transported to the cell
surface as a way to eliminate excess hsp. If hsp60 is expelled
from the cell, hsp60-derived peptides would then become dis-
played on the surfaces of professional APCs. Considering that
hsp60 is a major immunogen of many bacterial pathogens (26,
27) and that there is a high level of homology between bacterial
and mammalian hsp60 (28), this process could sustain acti-
vated T cells primed to respond to a number of pathogens, as
well as contribute to autoimmune disease.

Another possibility is that surface hsp60 acts as a signal of
stressed, activated, or damaged cells, targeting them for clear-
ance by cytotoxic cells or macrophages as part of the tissue
repair process. In our infectious disease model hsp60 could be
expressed on preapoptotic or apoptotic cells. Increased levels
of hsp60 expression have been detected on membranes of cells
induced to undergo apoptosis by treatment with dexametha-
sone (40) and also in apoptotic cells isolated directly from
AIDS patients (40). T cells undergoing antigen-triggered apo-
ptosis in vivo disappear from the lymph nodes and spleen and
accumulate in the liver, where they undergo apoptosis and are
cleared from the body (20, 21). Livers of L. monocytogenes-
infected mice contains a large population of small viable cells
(as indicated by low forward scatter) that are highly granular
(high side scatter) and increase in number up to day 21, at

which time 85% are B220", 15% are ydTcR™, and 95 to 98%
are hsp60™ (2a). These cells may have already encountered
antigen and be undergoing activation-induced apoptosis, accu-
mulating in the liver awaiting clearance.

Although examples of secretion of hsp60 have been de-
scribed for parasites (13), we have been unable to detect se-
cretion of hsp60 by spleen or liver cells in vivo during listeri-
osis. We have also been unable to detect hsp60 in the
supernatants of cultured hybridoma lines expressing hsp60 on
their cell surfaces (2a). It is possible that autologous hsp60
exists at the cell surface as an intact toroid form rather than as
peptide fragments associated with major histocompatibility
complex molecules. Since the hsp60 toroid form often contains
other proteins, and the hsp60 complex can retain denatured
proteins that it cannot fold (7, 15, 16), one possibility is that
under conditions of hyperactivation or stress, hsp60 chaper-
ones (abnormal) proteins to the cell surface for their elimina-
tion. The observation that hsp60 in the plasma membrane of
the human T-cell leukemic cell line CEM-SS attaches to the
H2B histone protein and is released as a result of protein
kinase A-catalyzed phosphorylation (29) is consistent with the
ability of hsp60 to expel proteins from the plasma membrane
under certain conditions. Plasma membrane hsp60 might be
recognized by T cells as a complex containing proteins the cell
is trying to expel. It is also possible that the structural changes
of the hsp60 toroid form that occur when it complexes with
other cellular proteins (43) reveal conformational determi-
nants recognized by immune cells.

It is interesting that of the cell populations analyzed during
L. monocytogenes infection, the kinetics of the yd T-cell re-
sponse most closely matches that of hsp60 expression. Several
groups have postulated that hsp60 is a ligand for yd T cells (5,
35). v8 T cells and hsp60™ oligodendrocytes have been colo-
calized in sections of demyelinated brain tissue from patients
with MS (44, 45), and yd T cells have been shown in vitro to kill
oligodendrocytes isolated from MS patients (12). Also, hsp60-
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reactive yd T cells have been isolated from the synovial fluid of
patients with rheumatoid arthritis (19), and synovial y3 T cells
from patients with Lyme arthritis can induce apoptosis of sy-
novial CD4" «f T lymphocytes via Fas-Fas ligand interactions
(49). hsp60™ cells (37) and large numbers of mycobacterial
hsp60-reactive y3 T cells (31) are found in the intestinal lesions
of patients with inflammatory bowel disease. Additionally,
populations of peritoneal exudate cells from L. monocytogenes-
infected mice that were enriched for vd T cells have been
shown to proliferate and release gamma interferon after cul-
ture with recombinant mycobacterial hsp60 (18).

We have previously shown that a large proportion of yd T
cells that accumulate in both livers and spleens of L. monocy-
togenes-infected mice express a TcR encoded by either V36 or
Va4 (3), both of which have been previously shown to correlate
with hsp60 reactivity (34). The observation that V36™ v3 T
cells from L. monocytogenes-infected mice reacts with plasma
membrane preparations of L. monocytogenes-elicited, hsp60™
peritoneal exudate cells (36a) suggests that y8 T cells may
indeed respond to and recognize hsp60 expressed in the
plasma membrane of cells in response to infection. If these yd
T cells react with hsp60 on the cell surface, they may recognize
the hsp60 alone or complexed with an interior protein in a
manner similar to major histocompatibility complex presenta-
tion of peptides. Although liver and spleen yd T cells have
limited y- and 8-chain pairing, these receptors, particularly the
d chain, have diverse junctional sequences (34, 42). These cells
may, therefore, recognize the hsp60 portion of such a complex
with the y/d constant regions and any variation of interior
proteins with junctional regions. The molecular nature of yd T
cell-hsp60 interactions is currently being investigated in our
laboratory.
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