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Vaccinia Virus Infection Induces a Stress Response That
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We studied the impact of vaccinia virus infection on stress protein gene expression in human cells and
investigated the possibility that eukaryotic heat shock proteins interact with viral components during assembly.
Infection of human monocyte-macrophages by vaccinia virus caused a dramatic decrease in levels of cellular
mRNAs such as those encoding actin and tubulin. In contrast, infection did not cause a significant reduction
in the levels of Hsp90 and Hsp60 mRNAs and led to substantially increased levels of Hsp70 mRNAs. The
accumulation of these stress protein mRNAs was due both to increases in their transcription rate and to their
stability relative to other cellular mRNAs. The relative levels of the heat shock proteins and the other cellular
proteins reflected the relative levels of their mRNAs. These results indicate that stress protein gene expression
is relatively refractory to the generally deleterious effects of vaccinia virus infection on host cell gene expression.
The continued expression of some of these stress proteins may be beneficial to the virus; the observations that
the levels of Hsp70 are greatest at the peak of viral gene expression and that a large fraction of cellular Hsp70
is associated with vaccinia virus proteins suggest that Hsp70 is involved in vaccinia virus assembly.

Prokaryotic and eukaryotic cells respond to potentially
damaging stimuli by increasing the synthesis of a family of
proteins collectively known as stress proteins. The best
studied of these stresses is heat shock (reviewed in refer-
ences 20, 21, and 34), in which a sudden increase in
temperature induces increased synthesis of heat shock pro-
teins. Because many of the heat shock proteins are also
induced by other stresses, they are also called stress pro-
teins. Some of these proteins assist other proteins in folding,
translocation, and assembly (10). The cell may exploit these
functions of chaperonins to help protect it from the delete-
rious effects of stress.

Stress proteins can be induced in cells following infection
by a variety of viruses in vitro (5, 9, 12, 15, 18, 19, 24, 28-30;
reviewed in reference 35). When these studies were carried
out, however, the lack of DNA and antibody probes pre-
vented a thorough investigation of the effect of virus infec-
tion on the expression of the genes encoding Hsp90, Hsp70,
and Hsp60. In addition, the ease with which laboratory
manipulation of cells causes a stress response was not
always fully appreciated, complicating the interpretation of
some studies.

In bacteria, phage infection induces increased Hsp70
(DnaK) and Hsp60 (GroEL) synthesis (7, 16, 33), and these
stress proteins are essential for the replication and assembly
of a variety of bacteriophages (reviewed in reference 27). It
is possible that eukaryotic viruses also exploit host stress
protein functions during their life cycle. Recent reports have
described associations between Hsp70 and components of
adenovirus (22) and poliovirus (23).

We have studied the impact of vaccinia virus infection on
the expression of three major stress protein genes: Hsp90,
Hsp70, and Hsp60. In addition, we have investigated
whether heat shock proteins are associated with vaccinia
virus proteins within the cell. We find that Hsp mRNAs and
proteins continue to be synthesized and accumulate in
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parallel with viral gene products, despite the rapid loss of
other cellular mRNAs and proteins. Viral proteins are asso-
ciated with a substantial fraction of Hsp70 in the cell,
suggesting that Hsp70 is involved in the assembly of vaccinia
virus.

MATERIALS AND METHODS

Cells and viruses. Vaccinia virus NYCBH was a kind gift
of Dennis Panicali, Applied Biotechnology, Inc., Cam-
bridge, Mass. U937 cells were obtained from American Type
Culture Collection, Rockville, Md., and maintained as rec-
ommended by the supplier. Primary macrophages were
prepared from human peripheral blood mononuclear cells by
density gradient centrifugation and maintained as described
previously (4).

DNA and antibody probes. DNA containing the mamma-
lian stress protein Hsp90 (plasmid pHS801) was obtained
from Lee Weber, University of Nevada (11), and DNA
containing Hsp70 (plasmid pH2.3) was obtained from Rick
Morimoto, Northwestern University (13). Human Hsp60
DNA was described previously (14). Genes for human actin
(pHRLS83-1VS4) and tubulin (2183'UT) proteins were ob-
tained from the American Type Culture Collection. Rabbit
antiserum against human Hsp90 was obtained from Stephen
Ullrich, National Institutes of Health, Bethesda, Md. Mono-
clonal antibody N27F3-4, which recognizes human Hsp70
protein, was provided by William Welch (31). Monoclonal
antibody ML-30, derived against mycobacterial Hsp60 and
cross-reactive with human Hsp60, was provided by Juraj
Ivanyi, Medical Research Council, London, United King-
dom (8). Rabbit antiserum against mammalian actin protein
was obtained from Don Doering, Whitehead Institute. Rab-
bit antiserum generated against purified killed vaccinia virus,
which specifically recognizes intracellular vaccinia virus
proteins, was obtained from Richard Condit, University of
Florida.

Infection and mock infection of cells. U937 cells were
infected with vaccinia virus as follows. The cells were
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pelleted at 500 x g for 5 min at 37°C, most of the growth
medium was removed and saved at 37°C, and the cells were
suspended with vaccinia virus at a multiplicity of infection of
20. The cell suspension was incubated at 37°C for 1 h to
permit virus adsorption, diluted with the saved growth
medium, and further incubated at 37°C for various times. For
infection of primary macrophages (which grow as adherent
cells), the growth medium was removed and saved at 37°C
and the virus was diluted in an aliquot of the saved medium
and added directly to the flask at a multiplicity of infection of
20. After 1 h the saved growth medium was added back to
the flask, and the cells were incubated at 37°C for 12 h. For
every infection, equivalent numbers of cells were mock
infected with the growth medium alone and treated in
exactly the same fashion as infected cells. The U937 cells,
primary human macrophages, and human H9 T lymphocytes
supported vaccinia virus replication to a comparable degree.

Northern analysis. Total poly(A)* RNA from equal num-
bers of mock- and virus-infected cells was prepared by a
guanidinium-CsCl method (1). Equivalent amounts of RNA
(as determined by the optical density at 260 nm) were loaded
on denaturing 1.2% agarose-formaldehyde gels for electro-
phoresis, and the gel was blotted onto a nitrocellulose filter
as described g)reviously (1). Purified DNA fragments, radio-
labeled with *P by random-primer extension, were used to
probe the nitrocellulose filter overnight at 42°C in 50%
formamide-5x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate (SDS)-5x
Denhardt’s solution (1x Denhardt’s solution is 0.02% poly-
vinylpyrrolidone, 0.02% bovine serum albumin, and 0.02%
Ficoll). The filter was washed for 15 min in 1x SSC-0.1%
SDS at room temperature and for 1 h in 0.2x SSC-0.1% SDS
at 68°C and exposed to X-ray film for autoradiography.

Nuclear runoff transcription. The rate of transcription of
specific genes was determined by nuclear runoff analysis (1).
Fifty million U937 cells were either mock infected or in-
fected with vaccinia virus at a multiplicity of infection of 20.
The cells were harvested 12 h postinfection, washed three
times in phosphate-buffered saline, lysed in a buffer contain-
ing 10 mM Tris-Cl (pH 7.4), 10 mM NaCl, 3 mM MgCl,, and
0.5% Nonidet P-40 (NP-40), and centrifuged to pellet the
nuclei. The nuclear pellet was resuspended in the lysis
buffer, pelleted again, and resuspended in buffer containing
50 mM Tris-Cl (pH 8.3), 40% glycerol, 5 mM MgCl,, and 0.1
mM EDTA for storage at —70°C. [**P]RNA was prepared
from nuclei of the mock- and virus-infected cells as de-
scribed previously (1). Purified DNA fragments containing
genes for Hsp90, Hsp70, Hsp60, actin, or tubulin were
blotted onto duplicate nitrocellulose filters by using a Mini-
fold II slot blotter (Schleicher & Schuell, Keene, N.H.).
Each filter was probed with equivalent counts of [*2P]RNA
from mock-infected or virus-infected cells at 65°C for 36 h in
hybridization solution containing 10 mM TES (pH 7.4) (1),
10 mM EDTA, 0.2% SDS, and 0.6 M NaCl. After hybrid-
ization, each membrane was washed twice in 2x SSC at
65°C for 1 h, treated with RNase A, washed again in 2x SSC
at 37°C for 1 h, and subjected to autoradiography. The
signals on the autoradiograph were quantitated by using
ImageQuant software V3.0 (Molecular Dynamics, Sunny-
vale, Calif.).

Western immunoblot analysis. Equivalent numbers of
U937 cells were mock infected or virus infected as described
above. At 12 h postinfection, the cells were harvested and
lysed in equivalent volumes of lysis buffer containing 50 mM
Tris-Cl (pH 8.0), 150 mM NaCl, 0.2% sodium azide, 1%
NP-40, and 2 mM phenylmethylsulfonyl fluoride. The cell
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debris were removed by centrifugation at 10,000 X g for 5
min at 4°C, and similar volumes of the supernatants from
mock-infected and virus-infected cells were subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on a
7.5% acrylamide gel. The separated proteins were trans-
ferred to nitrocellulose membranes and probed with antibod-
ies against Hsp90, Hsp70, Hsp60, and actin.

Immunoprecipitation analysis. Equivalent volumes of the
supernatants prepared from mock-infected and virus-in-
fected cells were subjected to immunoprecipitation. The
proteins were precipitated from the supernatants by using
either rabbit polyclonal antiserum prepared against vaccinia
virus proteins or control normal rabbit serum in a buffer
containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.1%
NP-40, 1 mM EDTA, 1% gelatin, and 0.02% sodium azide.
After incubation for 1 h at 4°C, protein A-Sepharose beads
were added, and the mixture was further incubated for 1 h.
The protein A-antigen-antibody complexes were collected
by centrifugation at 12,000 X g for 1 min at 4°C and washed
twice in 50 mM Tris-Cl (pH 7.5)-150 mM NaCl-0.1% NP-
40-1 mM EDTA and then twice in 10 mM Tris-Cl (pH
7.5)-0.1% NP-40. The pellets were suspended in SDS-gel
loading buffer and heated to 100°C for 5 min. The superna-
tants were subjected to SDS-PAGE and Western blot anal-
ysis with monoclonal antibody ML-30 against Hsp60 and
monoclonal antibody N27F3-4 against Hsp70.

Sucrose gradient centrifugation. Lysates from equal num-
bers of mock-infected and virus-infected cells were layered
onto a 5 to 20% sucrose gradient made in 50 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
buffer (pH 7.4) containing 0.1 M NaCl, 1 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA), and 2 mM phenylmethylsulfonyl fluoride and cen-
trifuged for 16 h in a Beckman SW 50.1 rotor at 49,000 rpm.
Fifteen fractions of equivalent volume were collected from
the bottoms of the tubes, and a portion of each fraction was
subjected to Western blot analysis with monoclonal antibody
N27F3-4 and a chemiluminscent detection system (ECL
Western blot detection system; Amersham, Amersham,
United Kingdom). The bands were quantitated by using
ImageQuant software version 3.0.

RESULTS

Stress protein mRNAs accumulate in vaccinia virus-infected
cells. We investigated the effect of vaccinia virus infection on
stress protein gene expression in the human monocyte cell
line U937. We chose these cells for our study of stress
responses to viral infection because of the role of macro-
phages in antigen presentation during infection and because
of our interest in the possibility that immune responses to
stress protein determinants may play a role in immune
surveillance of virus-infected cells (35, 36). Cells were in-
fected with vaccinia virus or were mock infected. RNA was
prepared from cells at various time intervals, and the levels
of Hsp90, Hsp70, and Hsp60 mRNAs were investigated by
Northern (RNA) blot analysis. The levels of actin and
B-tubulin mRNAs were also studied, because these mRNAs
encode major structural proteins that are relatively unaf-
fected by stress. The peak of virus mRNA production
occurred 12 h after infection.

Figure 1A shows that the levels of actin and B-tubulin
mRNAs were dramatically reduced in the vaccinia virus-
infected cells over the course of infection but were un-
changed in the mock-infected cells. In contrast, the levels of
Hsp90, Hsp70, and Hsp60 mRNAs were similar in virus-
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FIG. 1. (A) Northern analysis of actin, B-tubulin, and heat shock
protein mRNAs in mock-infected or virus-infected U937 cells. RNA
was isolated from cells at the indicated times after mock or genuine
infection. The amount of RNA obtained per cell at each time point
varied by no more than a factor of 2, whether or not the cells were
genuinely infected. Equivalent amounts of RNA from each time
point were subjected to gel electrophoresis and then transferred to
nitrocellulose. The same blot was used to obtain all of the hybrid-
ization signals shown here. DNA probes are described in Materials
and Methods. Ethidium bromide-stained 18S rRNA was used as a
control. (B) Nuclear transcription runoff analysis of actin, B-tubulin,
and heat shock protein genes. Nuclei were isolated from U937 cells
which had been either mock infected or infected with vaccinia virus
for 12 h. The isolated nuclei were incubated with 3?P-labeled
nucleoside triphosphates, and labeled RNA was isolated and used to
probe immobilized DNA fragments. The specific activity of the
labeled RNA was comparable in the mock-infected (1.3 x 10*
cpm/pug) and the virus-infected cells (1.0 x 10% cpm/pg). A signal for
Hsp70 mRNA in mock-infected cells could be detected and used for
quantitation after a more lengthy exposure of the autoradiograph.

infected and mock-infected cells. The manipulation of cells
during infection (or mock infection) caused increased but
transient accumulation of the Hsp mRNAs at the 2-h time
point; this effect was particularly striking for the Hsp70
family. The most significant difference in Hsp mRNA levels
between mock-infected and virus-infected cells was ob-
served at the peak of virus production (12 h), when there was
a relative increase in the level of Hsp70 mRNA in the
virus-infected cells. Quantitation of the levels of various
mRNAs at the peak of virus production revealed 19- and
16-fold decreases in actin and B-tubulin mRNA levels,
respectively (Fig. 2A); the levels of other nonstress mRNAs
(glyceraldehyde-3-phosphate dehydrogenase and glucose
transporter) decreased to similar extents (data not shown).
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FIG. 2. (A) Change in the steady-state level of actin, B-tubulin,
and heat shock protein mRNAs in vaccinia virus-infected cells
relative to mock-infected cells. The increase or decrease in the
levels of various mRNAs was calculated from densitometric analy-
sis of the signals obtained at the 12-h time point in Fig. 1A. (B)
Change in the transcription rate of various genes, calculated from
densitometric analysis of the signals obtained at the 12-h time point
in Fig. 1B.

In contrast, there was little change in Hsp90 and Hsp60
mRNA levels and a more than fivefold increase in Hsp70
mRNA levels. Essentially identical results were obtained
when infection was performed by introducing vaccinia virus
directly into a flask of U937 cells to minimize stress due to
manipulation of cells.

There was a small but detectable change in the average
size of Hsp70 mRNAs over the course of the experiment
shown in Fig. 1A. These changes, and the broad signal in the
2-h samples, most probably reflect the appearance of multi-
ple transcripts from members of the closely related Hsp70
gene family (34).

Transcription of stress genes increases during infection. We
investigated the effect of vaccinia virus infection on the rate
of transcription of genes encoding stress and nonstress
proteins by using nuclear runoff transcription analysis.
Mock-infected and virus-infected cells were harvested 12 h
after infection, and cell nuclei were isolated. The isolated
nuclei were incubated with 3?P-labeled nucleoside triphos-
phates to permit elongation and labeling of previously initi-
ated transcripts. The labeled RNA was isolated and used to
probe nitrocellulose slot blots containing DNA fragments
encoding actin, B-tubulin, Hsp90, Hsp70, and Hsp60 (Fig.
1B). The rates of transcription of actin and tubulin genes
were essentially identical in uninfected and vaccinia virus-
infected cells at the peak of virus production. In contrast, the
rates of Hsp90 and Hsp60 mRNA synthesis increased ap-
proximately threefold and that of Hsp70 increased 20-fold.

The impact of vaccinia virus infection on the rate of
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FIG. 3. Northern analysis of mRNAs after virus infection of
primary macrophages. Primary macrophages prepared from periph-
eral blood mononuclear cells were either mock infected or infected
with vaccinia virus for 12 h. Total RNA was isolated and subjected
to Northern analysis with DNA probes as described for Fig. 1A.

transcription of genes encoding actin, B-tubulin, Hsp90,
Hsp70, and Hsp60 and on the levels to which the mRNAs
accumulate is summarized in Fig. 2. The rates of transcrip-
tion of actin and B-tubulin are not significantly affected by
vaccinia virus infection, but the levels to which these tran-
scripts accumulate drop approximately 20-fold, indicating
that their rates of degradation must increase substantially.
These results are consistent with previously reported exper-
iments that indicate that actin and a-tubulin mRNAs become
significantly less stable during vaccinia virus infection (32).
The effects of vaccinia virus infection on Hsp gene expres-
sion are clearly different. There is about a 3-fold increase in
the rate of transcription of Hsp90 and Hsp60 genes and
a 20-fold increase in the rate of transcription of Hsp70 genes.
Although the levels to which the Hsp90, Hsp70, and Hsp60
transcripts accumulate do not match the increase in tran-
scription rates, the Hsp transcripts appear to be significantly
more stable than the actin and B-tubulin transcripts.

Virus-induced stress responses in primary macrophages.
Since transformed cells may produce aberrant levels of
stress proteins (2, 24), we investigated the impact of vaccinia
virus infection on primary macrophages. Primary macro-
phages were prepared from peripheral blood mononuclear
cells by density gradient centrifugation and permitted to
adhere to plastic culture flasks. Equivalent numbers of cells
were mock infected or infected with vaccinia virus. The cells
were harvested 12 h postinfection, RNA was isolated, and
equivalent amounts of total RNA were subjected to North-
ern blot analysis. The results were similar to those obtained
with the U937 cell line (Fig. 3). There was a dramatic loss of
actin mRNA, little or no change in the levels of Hsp90 and
Hsp60 mRNAs, and a very substantial increase in Hsp70
mRNA levels.

Stress proteins are relatively stable in vaccinia virus-in-
fected cells. The effect of vaccinia virus infection on the
accumulation of actin and of Hsp90, Hsp70, and Hsp60
proteins was analyzed by Western blot analysis. Protein
lysates were prepared from equivalent numbers of mock-
infected and virus-infected cells 12 h after infection, sub-
jected to SDS-PAGE, transferred to nitrocellulose, and
probed with specific antibodies (Figure 4). Although quanti-
tation of Western blots is not highly accurate, it is clear that
vaccinia virus infection caused about a threefold reduction in
the level of actin, little or no change in the levels of Hsp90
and Hsp60, and a significant increase in the level of Hsp70
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FIG. 4. Western blot analysis of actin and heat shock proteins
after virus infection. U937 cells were either mock infected or
infected with vaccinia virus for 12 h, and protein lysates were
prepared and subjected to Western blot analysis with various
antibody probes (see Materials and Methods).

protein. Thus, the effects of vaccinia virus infection on the
levels of actin, Hsp90, Hsp70, and Hsp60 parallel the effects
of infection on the levels of their mRNAs.

Hsp70 is associated with vaccinia virus proteins. The re-
quirement for prokaryotic Hsp60 and Hsp70 proteins in
bacteriophage assembly and the relative stability and abun-
dance of Hsp proteins in vaccinia virus-infected human cells
led us to investigate whether human Hsp60 or Hsp70 protein
interacts with intracellular vaccinia virus. Protein extracts
were prepared from equal numbers of mock-infected and
vaccinia virus-infected U937 cells. The ability of the mono-
clonal antibodies to detect Hsp70 and Hsp60 proteins in
extracts prepared from the virus-infected cells was con-
firmed by Western blot analysis before the extracts were
subjected to immunoprecipitation (Fig. SA). Proteins in the
extracts were immunoprecipitated with a rabbit polyclonal
antibody directed against a broad spectrum of vaccinia virus
proteins. The immunoprecipitates were resuspended, sub-
jected to SDS-PAGE, transferred to nitrocellulose, and
probed with monoclonal antibodies against Hsp60 or Hsp70
(Fig. 5A). Hsp70 protein was clearly observed in the immu-
noprecipitated material obtained from vaccinia virus-in-
fected cells but not in the material obtained from mock-
infected cells. In contrast, no Hsp60 was found in the
vaccinia virus immunoprecipitates. We estimate that the
amount of Hsp70 associated with vaccinia virus proteins is
between 5 and 30% of the total cellular Hsp70 recognized by
the monoclonal antibody.

To further investigate the association of Hsp70 with vac-
cinia virus proteins, protein extracts prepared from mock-
infected and vaccinia virus-infected U937 cells were sub-
jected to sucrose gradient centifugation. Fractions were
collected from the gradient, and each fraction was analyzed
for the presence of vaccinia virus proteins and Hsp70 by
Western blot analysis. In mock-infected cell lysates, all of
the Hsp70 protein sedimented as a single peak approxi-
mately one-third of the way down the gradient. In the
vaccinia virus-infected cell lysates, the Hsp70 peak was
significantly diminished and Hsp70 was found cosedimenting
with viral proteins throughout much of the gradient. Most of
the Hsp70 in the virus-infected cell lysate sedimented more
rapidly than Hsp70 in the mock-infected cell lysate. Al-
though this result may reflect an increase in the association
of Hsp70 with both viral and cellular proteins during infec-
tion, the data in Fig. 5 indicate that a substantial fraction of
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FIG. 5. (A) Coimmunoprecipitation of Hsp70 with vaccinia virus
proteins. Whole-cell extracts were prepared from mock-infected (M)
and vaccinia virus-infected (+V) U937 cells. The ability of the
Hsp-specific antibodies to detect Hsp70 and Hsp60 in the vaccinia
virus-infected whole-cell extracts is shown on a Western blot at the
left. These extracts were subjected to immunoprecipitation with
rabbit antiserum specific for intracellular vaccinia virus proteins.
The immunoprecipitates (IP) were resuspended, subjected to SDS-
PAGE, and transferred to nitrocellulose. The immobilized proteins
were probed with antibodies specific for Hsp70 and Hsp60 proteins.
(B) Sucrose gradient sedimentation analysis of Hsp70 in mock-
infected and virus-infected cells. Whole-cell extracts prepared from
mock-infected and vaccinia virus-infected U937 cells were subjected
to sucrose density gradient centrifugation, and fractions were col-
lected from the bottom of the gradient and analyzed by Western blot
for Hsp70 or for vaccinia virus proteins by using specific antibodies
and a chemiluminescence detection system.

Hsp70 in vaccinia virus-infected cells is associated with viral
proteins at the peak of virus production.

DISCUSSION

Vaccinia virus infection causes a stress response in human
monocyte-macrophages. This response is characterized by a
3-fold increase in Hsp90 and Hsp60 mRNA synthesis and a
20-fold increase in Hsp70 mRNA synthesis. Despite a dra-
matic loss of major cellular mRNAs and proteins in the
infected cell, Hsp mRNAs and proteins, particularly those of
Hsp70, continue to accumulate. A large fraction of the
Hsp70 protein becomes associated with vaccinia virus pro-
teins, suggesting that it may be involved in virus assembly.

Hsp mRNAs escape rapid degradation. Previous reports
have demonstrated that vaccinia virus infection causes a
dramatic decrease in the levels of host cell gene products
(reviewed in references 6 and 25). Actin and o-tubulin
mRNAs, for example, are rapidly degraded in vaccinia
virus-infected cells (32). The molecular mechanisms in-
volved in the loss of host cell mRNAs are not well under-
stood, but it appears that loss of cellular mRNAs accounts
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for the shutoff of cell-specific protein synthesis. The results
described here indicate that actin and B-tubulin genes con-
tinue to be transcribed at normal rates in vaccinia virus-
infected cells but accumulate to only very low levels, reflect-
ing their short half-lives.

Our results indicate that Hsp mRNAs are somewhat less
stable in infected cells than they are in uninfected cells but
are largely exempt from the very rapid rate of degradation
apparent for actin and tubulin. Indeed, Hsp90, Hsp70, and
Hsp60 mRNAs accumulate to substantial levels in the in-
fected cells, as a result of both increases in their transcrip-
tion rate and their stability relative to other cellular mRNAs.
It will be interesting to learn why Hsp mRNAs are largely
exempt from the rapid degradation observed for other cellu-
lar mRNAs during vaccinia virus infection.

Interaction of Hsp70 with vaccinia virus. Bacteriophage
infection induces Hsp70 and Hsp60 synthesis in prokary-
otes, and these stress proteins are essential for the replica-
tion and assembly of a variety of bacteriophages (7, 16, 27,
33). It seems likely that eukaryotic viruses also exploit host
stress protein functions during their life cycle. Two lines of
evidence indicate that Hsp70 interacts with vaccinia virus
proteins during infection. First, Hsp70 coprecipitated with
intracellular vaccinia virus proteins when they were immu-
noprecipitated from infected-cell extracts. Under the same
conditions, Hsp60 did not coprecipitate with these viral
components. Second, a substantial fraction of Hsp70 in
vaccinia virus-infected cells was associated with viral pro-
teins at the peak of virus gene expression; most of the
cellular Hsp70 cosedimented with viral proteins in sucrose
gradients. These data suggest that Hsp70 may be involved in
the assembly of vaccinia virus. Hsp70 has also been reported
to associate with components of adenovirus (22) and polio-
virus (23).

Implications for immune response to infection. The results
described here may have implications for immune recogni-
tion of stressed cells. Pathogen-derived stress proteins are
frequent targets of T cells during the immune response to
infection (35, 36). Healthy individuals have stress protein T
lymphocytes which can recognize self stress protein deter-
minants as well (3, 17, 26). These observations are consistent
with the suggestion that T lymphocytes that recognize self
stress proteins may recognize virus-infected cells via an
increase in the level of stress protein determinants presented
by the infected cells (36). This capability would provide a
first line of defense against infection by permitting recogni-
tion and elimination of stressed autologous cells, and this
defense need not await the development of immunity to
novel antigens. Our results indicate that during vaccinia
virus infection, some stress proteins accumulate to substan-
tial levels, especially relative to other cellular proteins.
These stress proteins, if appropriately presented, could thus
target infected cells for destruction by stress protein-specific

T lymphocytes.

ACKNOWLEDGMENTS

We are grateful to Anna Aldovini and Daniel Kuritzkes for
stimulating discussions and to Bernard Moss, Peter Murray, and
Don Reading for reviewing the manuscript.

This work was supported by Public Health Service grants AI23545
and AI26463 from the National Institutes of Health and by a
Burroughs Wellcome Molecular Parasitology Award.

REFERENCES

1. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1989. Current protocols in
molecular biology. John Wiley & Sons, Inc., New York.



5362

2.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

JINDAL AND YOUNG

Bensaude, O., and M. Morange. 1983. Spontaneous high expres-
sion of heat-shock proteins in mouse embryonal carcinoma cells
and ectoderm from day 8 mouse embryo. EMBO J. 2:173-177.

. Born, W., L. Hall, A. Dallas, J. Boymel, Y. Shinnick, D. Young,
P. Brennan, and R. O’Brien. 1990. Recognition of a peptide

antigen by heat shock-reactive ¥y T lymphocytes. Science
249:67-69.

. Coligan, J. E., A. M. Kruisbeek, D. H. Margulies, E. M.

Shevach, and W. Strober. 1991. Current protocols in immunol-
ogy. John Wiley & Sons, Inc., New York.

. Collins, P. L., and L. E. Hightower. 1982. Newcastle disease

virus stimulates the cellular accumulation of stress (heat shock)
mRNAs and proteins. J. Virol. 44:703-707.

. Dales, S. 1990. Reciprocity in the interactions between the

poxviruses and their host cells. Annu. Rev. Microbiol. 44:173—
192.

. Drahos, D. J., and R. W. Hendrix. 1982. Effect of bacteriophage

lambda infection on the synthesis of groE protein and other
Escherichia coli proteins. J. Bacteriol. 149:1050-1063.

. Evans, D. J., P. Norton, and J. Ivanyi. 1990. Distribution in

tissue sections of the human groEL stress-protein homologue.
APMIS 98:437-441.

. Garry, R. F., E. T. Ulug, and H. R. Bose, Jr. 1983. Induction of

stress proteins in Sindbis virus- and vesicular stomatitis virus-
infected cells. Virology 129:319-332.

Gething, M., and J. Sambrook. 1992. Protein folding in the cell.
Nature (London) 355:33-45.

Hickey, E., S. Brandon, S. Sadis, G. Smale, and L. A. Weber.
1986. Molecular cloning of sequences encoding the human heat
shock proteins and their expression during hyperthermia. Gene
43:147-154.

Hightower, L. E., and M. D. Smith. 1978. Effects of canavanine
on protein metabolism in Newcastle disease virus-infected and
uninfected chicken embryo cells, p. 395-405. In B. W. J. Mahy
and R. D. Barry (ed.), Negative strand viruses and the host cell.
Academic Press Ltd., London.

Hunt, C., and R. L. Morimoto. 1985. Conserved features of
eukaryotic hsp70 genes revealed by comparison with the nucle-
otide sequence of human hsp70. Proc. Natl. Acad. Sci. USA
82:6455-6459.

Jindal, S., A. K. Dudani, C. B. Harley, B. Singh, and R. S.
Gupta. 1989. Primary structure of a human mitochondrial pro-
tein homologous to bacterial and plant chaperonins and to
65-kDa mycobacterial antigen. Mol. Cell. Biol. 9:2279-2283.
Khandjian, E. W., and H. Turler. 1983. Simian virus 40 and
polyomavirus induce synthesis of heat shock proteins in permis-
sive cells. Mol. Cell. Biol. 3:1-8.

Kochan, J., and H. Murialdo. 1982. Stimulation of groE synthe-
sis in Escherichia coli by bacteriophage lambda infection. J.
Bacteriol. 149:1166-1170.

Lamb, J. R., V. Bal, P. Mendez-Samperio, A. Mehlert, A. So, J.
Rothbard, S. Jindal, R. A. Young, and D. B. Young. 1989. Stress
proteins may provide a link between the immune response to
infection and autoimmunity. Int. Immunol. 1:191-196.
LaThangue, N. B., and D. S. Latchman. 1988. A cellular protein
related to heat-shock protein 90 accumulates during herpes
simplex virus infection and is overexpressed in transformed
cells. Exp. Cell Res. 178:169-179.

LaThangue, N. B., K. Shriver, C. Dawson, and W. L. Chan.
1984. Herpes simplex virus infection causes the accumulation of

20.
21.
22.

23.

24.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.
36.

J. VIROL.

a heat-shock protein. EMBO J. 3:267-277.

Lindquist, S. 1986. The heat shock response. Annu. Rev.
Biochem. 55:1151-1191.

Lindquist, S., and E. A. Craig. 1988. The heat-shock proteins.
Annu. Rev. Genet. 22:631-637.

Macejak, D. G., and R. B. Luftig. 1991. Association of HSP70
with the adenovirus type 5 fiber protein in infected HEp-2 cells.
Virology 180:120-125.

Macejak, D. G., and P. Sarnow. 1992. Association of heat shock
protein 70 with enterovirus capsid precursor P1 in infected
human cells. J. Virol. 66:1520-1527.

Macnab, J. C. M., A. Orr, and N. B. LaThangue. 1985. Cellular
proteins expressed in herpes simplex virus transformed cells
also accumulate on herpes simplex virus infection. EMBO 1J.
4:3223-3228.

. Moss, B. 1990. Poxviridae and their replication, p. 2079-2112. In

B. N. Fields, D. M. Knipe, R. M. Chanock, M. S. Hirsch, J. L.
Melnick, T. P. Monath, and B. Roizman (ed.), Virology, 2nd ed.
Raven Press, New York.

Munk, M. E., B. Schoel, S. Modrow, R. W. Karr, R. A. Young,
and S. H. E. Kaufmann. 1989. T lymphocytes from healthy
individuals with specificity to self epitopes shared by the myco-
bacterial and human 65 kDa heat shock protein. J. Immunol.
143:2844-2849.

Neidhardt, F. C., and R. A. VanBogelen. 1987. Heat shock
response, p. 1334-1345. In F. C. Neidhardt, J. L. Ingraham,
K. B. Low, B. Magasanik, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella typhimurium: cellular
and molecular biology. American Society for Microbiology,
Washington, D.C.

Nevins, J. R. 1982. Induction of the synthesis of a 70,000 dalton
mammalian heat shock protein by the adenovirus E1A gene
product. Cell 29:913-919.

Notarianni, E. L., and C. M. Preston. 1982. Activation of
cellular stress protein genes by herpes simplex virus tempera-
ture-sensitive mutants which overproduce immediate early
polypeptides. Virology 123:113-122.

Peluso, R. W., R. A. Lamb, and P. W. Cheppin. 1978. Infection
with paramyxoviruses stimulates synthesis of cellular polypep-
tides that are also stimulated in cells transformed by Rous
sarcoma virus or deprived of glucose. Proc. Natl. Acad. Sci.
USA 75:6120-6124.

Riabowol, K. T., L. A. Mizzen, and W. J. Welch. 1988. Heat
shock is lethal to fibroblasts microinjected with antibodies
against hsp70. Science 242:443-446.

Rice, A., and B. Roberts. 1983. Vaccinia virus induces cellular
mRNA degradation. J. Virol. 47:529-539.

Tilly, K., N. McKittrick, M. Zylicz, and C. Georgopoulos. 1983.
The dnaK protein modulates the heat-shock response of Esch-
erichia coli. Cell 34:641-646.

Welch, W. J. 1989. The mammalian stress response: cell phys-
iology and biochemistry of stress proteins, p. 223-278. In R. L.
Morimoto, A. Tissieres, and C. Georgopoulos (ed.), Stress
proteins in biology and medicine. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y.

Young, R. A. 1990. Stress proteins and immunology. Annu.
Rev. Immunol. 8:401-420.

Young, R. A., and T. Elliott. 1989. Stress proteins, infection and
immune surveillance. Cell 59:5-8.



