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Hyperthermia has been shown to confer cytoprotection and to
augment apoptosis in different experimental models. We analyzed
the mechanisms of both effects in the same mouse lung epithelial
(MLE) cell line (MLE15). Exposing MLE15 cells to heat shock (HS;
42°C, 2 h) or febrile-range hyperthermia (39.5°C) concurrent with
activation of the death receptors, TNF receptor 1 or Fas, greatly ac-
celerated apoptosis, which was detectable within 30 minutes and
was associated with accelerated activation of caspase-2, -8, and
-10, and the proapoptotic protein, Bcl2-interacting domain (Bid).
Caspase-3 activation and cell death were partially blocked by inhib-
itors targeting all three initiator caspases. Cells expressing the IxB
superrepessor were more susceptible than wild-type cells to TNF-
a-induced apoptosis at 37°C, but HS and febrile-range hyperthermia
still increased apoptosis in these cells. Delaying HS for 3 hours after
TNF-a treatment abrogated its proapoptotic effectin wild-type cells,
but not in IkB superrepressor-expression cells, suggesting that TNF-o
stimulates delayed resistance to the proapoptotic effects of HS through
an NF-kB-dependent mechanism. Pre-exposure to 2-hour HS beginning
6 to16 hours before TNF-a treatment or Fas activation reduced apopto-
sis in MLE15 cells. The antiapoptotic effects of HS pretreatment were
reduced in TNF-a-treated embryonicfibroblasts from heat shock factor-
1 (HSF1)-deficient mice, but the proapoptotic effects of concurrent HS
were preserved. Thus, depending on the temperature and timing rela-
tive to death receptor activation, hyperthermia can exert pro- and anti-
apoptotic effects through distinct mechanisms.
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Hyperthermia can either be cytoprotective or accelerate apopto-
sis (1-4). Exposure to nonlethal hyperthermia by itself stimu-
lates coordinated expression of heat-inducible proteins that
support cell survival in the face of cellular stress, facilitate re-
pair of cellular damage, and confer resistance to subsequent
injury (4). However, when preceded by a proinflammatory stim-
ulus, exposure to similar or lesser hyperthermia can enhance
cell death and tissue injury (3, 5-7), a phenomenon coined the
“heat shock paradox.” The opposing effects of hyperthermia on
cell and tissue injury and repair are well documented in the
injured lung. Pre-exposure to core temperatures between
41.5°C and 43°C for 15 to 30 minutes conferred protection
against lung injury induced 6 to 18 hours later in response to
various triggers, including systemic LPS administration (8, 9),
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CLINICAL RELEVANCE

Apoptosis is a cellular process that contributes to both
health and disease, including acute lung injury, pneumonia,
and asthma exacerbations. Elevated temperature is en-
countered during febrile illnesses, exertion, and exposure to
hot temperature. Understanding how exposure to heat can
modify apoptosis will allow heat and other treatments that
activate similar mechanisms to be used to modify the course
of disease and promote health.

cecal ligation and puncture (10), lower extremity ischemia—
reperfusion (11), hemorrhagic shock and resuscitation (12),
and intratracheal instillation of phospholipase A2 (13). Protec-
tion in these models correlated with expression of heat shock
(HS) protein (HSP) 70 in lungs and other organs (9-11, 13, 14).
Mouse embryonic fibroblasts (MEFs) lacking heat shock factor-
1 (HSF1), the heat-inducible transcriptional activator of the HSP
genes, exhibited increased susceptibility to hyperoxia-induced cy-
totoxicity, which was blocked by reintroducing HSF1 expression
(15). Nonthermal activation of HSF1 by infusion of sodium arse-
nite in rats stimulated HSP70 expression in lungs that was tempo-
rally correlated with protection against lung injury after cecal
ligation and puncture (16). Collectively, these studies demonstrate
that brief exposure to temperatures =4.5°C above basal levels
conferred delayed protection against subsequent lung injury that
was agonist-independent and required HSP gene expression. The
protective effects attributed to the HS response include reduced
inflammation, preservation of endothelial barrier function, and re-
duced epithelial injury (8, 11-13). HSP70 has been shown to block
apoptosis by binding to Apaf-1, thereby preventing its recruitment
to the apoptosome (17). More recently, Aschkenasy and col-
leagues (18) showed that adenoviral transfer of HSP70 via intra-
tracheal instillation in mice subsequently subjected to cecal ligation
and puncture reduced lung injury and lung cell apoptosis. These
authors also showed that HSP70 transfer to mouse lung epithelial
(MLE) cell line 12 (MLE12) cells reduced TNF-a-induced apo-
ptosis. On the other hand, when HSP70 and HSP60 enter the
extracellular environment, which may occur through active secre-
tion or release from necrotic cells, these proteins exert proinflam-
matory activity through activation of the Toll-like receptor-4
complex (19, 20). This mechanism has been proposed to explain
the HS paradox (21).

More recent studies have demonstrated that exposure to tem-
peratures 2.5°C to 5°C above basal levels can also promote
apoptosis when accompanied by a proinflammatory or apopto-
tic signal (5). Most of these studies attributed the proapoptotic
effects of heat to interruption of NF-kB signaling (22-26) and
reduced NF-kB-dependent expression of antiapoptotic proteins
(27, 28). Meinander and colleagues (29) demonstrated that expo-
sure to hyperthermia in the febrile range (~39.5°C; febrile-range
hyperthermia [FRH]) causes ubiquitinylation and degradation
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of the antiapoptotic protein, FLICE-like inhibitory protein (FLIP).
We previously demonstrated that concurrent exposure to temper-
atures in the febrile or HS range augments pulmonary epithelial
injury (30). Lipke and colleagues (5) confirmed these findings, and
showed the epithelial injury to result from increased apoptosis,
which the authors suggested was caused by inhibition of NF-«B
signaling. We previously showed that exposing human neutrophils
to FRH in culture accelerated activation of caspase-3 and -8 and
cleavage of the proapoptotic protein, Bcl2-interacting domain
(Bid), to its active form (3). The appearance of caspase-8 activation
within 15 minutes of exposing neutrophils to FRH suggested that
hyperthermia may directly accelerate early apoptotic signaling.

The purpose of this investigation was to explore the mecha-
nisms underlying the opposing effects of hyperthermia on apo-
ptosis in the same cell. Using the MLE15 cell line and MEFs from
HSF1-deficient mice, and the extrinsic apoptosis inducers, TNF-a
and Fas-activating antibody, we analyzed the roles of HSF1 and
NF-kB in promoting and preventing apoptosis.

MATERIALS AND METHODS

Cell Culture

MLEL1S5 cells obtained from Dr. Jeffrey Whitsett (University of Cincin-
nati, Cincinnati, OH) were maintained in RPMI 1640 containing 0.5%
insulin transferrin sodium selenite, 10 nM hydrocortisone, 0.5% trans-
ferrin, 10 nM B-estradiol, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, and 5% FBS (Life Technologies,
Carlsbad, CA). MEFs from wild-type and HSF1-deficient mice ob-
tained from Dr. Ivor Benjamin (University of Utah) were maintained
in Dulbecco’s modified Eagle’s medium containing 100 U/ml penicillin,
0.1 mg/ml streptomycin, and 5% FBS. MLE15 and MEFs were main-
tained at 37°C and 5% CO,.

Antibodies

Rabbit anti-poly ADP-ribose polymerase (PARP) and anti—caspase-8
antibodies were from Cell Signaling Technology (Beverly, MA), rabbit
anti-Bid was from Imgenex (San Diego, CA), horseradish peroxidase—
conjugated goat anti-mouse IgG, horseradish peroxidase—conjugated
goat anti-rabbit IgG, and mouse anti-NF-kB p65 Cy3 conjugate were
from Santa Cruz Biotechnologies (Santa Cruz, CA), rat anti—caspase-2
was from Alexis (San Diego, CA), rabbit anti-caspase-3 and mouse
anti-tubulin were from Millipore (Temecula, CA), and rabbit anti—
caspase-10 was from Abcam (Cambridge, MA).

Cell Heating Protocols

Cells in 35-mm plates containing 1 ml medium were warmed by trans-
ferring to incubators calibrated at 42°C or 39.5°C by electric thermom-
etry (FLUKE Instruments, Everett, WA), as we have described
previously (3). Cells were treated with recombinant mouse TNF-a
(median effective dose [EDs], 0.008-0.05 ng/ml for L929 cells; R&D
Systems, Minneapolis, MN) or 2.5 pg/ml agonistic Jo-2 anti—Fas anti-
body (BD-Pharmingen, Sparks, MD). Some cells were pretreated with
an optimized concentration of 50 nM caspase-2 inhibitor I, caspase-8
inhibitor I (Calbiochem, La Jolla, CA), or the caspase-10 inhibitor, Z-Ala-
Glu-Val-DL-Asp-fluoromethylketone (z-AEVD-FMK) (BioVision, Moun-
tain View, CA) 40 minutes before TNF-o/HS treatment.

Cell Viability Assays

Survival of adherent cells was analyzed using a modified 1.929 bioassay
protocol (31) by washing twice with 25 mM Tris, 140 mM NaCl, 3 mM
KCl, 0.05% Tween-20, pH 8.0, staining with 0.04% crystal violet, wash-
ing with water, lysing in 1% SDS, and measuring absorbance at 570 nm.

Generation of IkB Superrepressor Stable Transfectants

The sequence for IkB superrepressor (IkBS®) (32) was cloned into TO
expression plasmid (Clontech, Mountain View, CA). MLEL1S5 cells were

transfected with either the IkBSR-expressing or insertless plasmid using
FugeneHD (Roche Applied Science, Indianapolis, IN), selected using
Zeocin (Invitrogen, Grand Island, NY), and cloned by limiting dilution.

Immunofluorescence

IkBSR-expressing monolayers on Lab-Tek slides were treated, then
fixed with 4% paraformaldehyde, blocked with PBS containing 1%
BSA, 1% donkey serum, 0.03% Triton X-100, anti-NF-kB p65 (Santa
Cruz Biotechnologies), and donkey anti-mouse conjugated to Cy3
(Jackson Immunoresearch, West Grove, PA), counterstained with DAPI
(Sigma, St. Louis, MO), and imaged by confocal microscopy using Fluo
View software (Olympus America Inc., Central Valley, PA).

Fluorimetric Caspase-2, -8, and -10 Assays

Caspase-2, -10, and -8 activities in cell lysates were measured fluorimet-
rically using caspase-2 and -10 FAM-FLICA kits (Immunohistochemis-
try Technologies, Bloomington, MN), and the caspase-8 substrate,
IETD-(7-amino-4-trifluoromethyl coumarin) (AFC; Calbiochem), as
we have described previously (3).

Immunoblotting

Cells were lysed in Radio-Immunoprecipitation Assay buffer containing
Protease Inhibitor and Phosphatase Inhibitor Cocktails (Sigma), immuno-
blotted, and imaged using Fuji LAS-1000 gel documentation system and
ImageQuant software (Tokyo, Japan) as we have described previously (3).

Statistical Analysis

Data are presented as means (£SE). Differences between two treatments
at a single time point or between two time points were analyzed by ap-
plying a Tukey honestly significant difference test to a one-way ANOVA.

RESULTS

Exposure to Concurrent HS Augments TNF-a— and
Fas-Induced Apoptosis

MLE15 cells were treated with 0.05 to 2 ng/ml TNF-a and
incubated at 37°C for 24 hours, or were exposed to a 42°C HS
for the first 2 hours, then switched back to 37°C for the remain-
der of the 24-hour incubation, and cell survival was assessed by
crystal violet staining of the residual monolayers (Figure 1A).
Exposure to HS decreased cell survival by 78 to 97% at TNF-a
concentrations between 0.05 and 2 ng/ml (P < 0.05 by multivariate
analysis of variance [MANOVA]), but had no effect on survival
in the absence of exogenous TNF-a. To determine the optimal
timing between TNF-a and HS treatments for apoptosis in-
duction, MLE1S5 cells were treated with 0.3 ng/ml TNF-a and
incubated for 37°C for 24 hours with or without a 2-hour HS
exposure, beginning concurrently or at various times after TNF-
a treatment, and cell survival was measured (Figure 1B). Re-
duced cell survival was only detectable in cells exposed to both
TNF-a and HS, but varied with the time interval between the
two exposures. Maximal cell death occurred when the cells were
exposed to HS within 0.5 hour of TNF-a treatment, and grad-
ually decreased as HS initiation was delayed. Cell death was not
detectable when HS exposure was delayed for =3 hours after
TNF-a treatment. To further evaluate the effect of HS on TNF-
a—induced apoptosis, cells were treated for 15 to 120 minutes
with or without 2 ng/ml TNF-a at 37°C or 42°C, followed by
immunoblotting assays for active caspase-3 and PARP (Figure
1C). TNF-a stimulated capsase-3 activation and PARP cleavage
at both temperatures. These molecular markers of apoptosis
were increased within the initial 30 to 60 minutes in the cells
incubated at 42°C. Neither caspase-3 activation nor PARP
cleavage was detectable in the absence of TNF-a.
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Figure 1. Heat shock (HS) augments extrinsic apoptosis. (A) Mouse lung epithelial (MLE) cell line 15 (MLE15) cells were incubated with indicated
concentration of recombinant mouse TNF-a for 24 hours at 37°C with or without a concurrent 2-hour 42°C HS, and survival was assessed by crystal
violet staining residual adherent cells and measuring absorbance at 570 nm. Cell death was different between HS and no HS cells (P < 0.05 by
MANOVA). (B) MLE15 cells were incubated with or without 0.3 ng/ml TNF-a for 24 hours at 37°C with 2-hour HS beginning at the indicated time
after TNF-a; 37°C indicates no HS. (C) MLE15 cells were incubated for the indicated time at 37°C or 42°C with or without 2 ng/ml TNF-q, lysed, and
immunoblotted for active caspase-3 (C3), poly ADP-ribose polymerase (PARP), and B-tubulin. PARP-CL, cleaved PARP; PARP-FL, full-length PARP. (D)
MLE15 cells were treated as in (B), but with 2.5 pg/ml Jo2 anti-Fas antibody. (£ and F) MLE15 cells were preconditioned with 2-hour HS beginning at
the indicated time before induction of apoptosis with 0.3 ng/ml TNF-a (E) or 2.5 g/ml Jo2 antibody (F), with or without concurrent 2-hour HS, and
24-hour survival assessed by crystal violet staining. (G) MLE15 cells without (left panel) or with 2-hour HS preconditioning beginning 16 hours before
a 2-hour incubation at 37°C or 42°C, with or without 2 ng/ml TNF-¢, were lysed and immunoblotted for active caspase-3 and PARP. All graphs show
means (£SE) of six experiments. (B and D) *P < 0.05 versus TNF-a or Jo2 without HS. (£ and F) tP < 0.05 and TP < 0.05 versus similarly

preconditioned and treated cells without concurrent HS and cells that were sham (37°C) preconditioned. A570, absorbance at 570 nm.

Although Fas and TNF receptor 1 share the same proapoptotic
signaling, NF-kB signaling after Fas activation is less direct (33) and
is suppressed, in part, by cross-talk with phosphoinositide-3 kinase/
protein kinase B (34). To determine whether HS exerts a similar
proapoptotic effect after Fas activation, we repeated the HS timing
experiment in Figure 1B, except cells were treated with the ago-
nistic anti-Fas Jo2 antibody (2.5 pg/ml) instead of TNF-a (Figure
1D). HS exposure reduced cell survival after Fas activation and, in
contrast with TNF-a, HS was still effective even when delayed up
to 12 hours after Fas activation, reducing cell survival by 77%
compared with Fas-treated cells incubated at 37°C (P < 0.05).

To determine whether preconditioning with HS could also
block TNF-a— and Fas-induced cytotoxicity in the MLE1S5 cells,
the cells were pre-exposed to a 2-hour HS beginning 4 to 16
hours before treatment with 0.3 ng/ml TNF-a (Figure 1E) or 2.5
pg/ml Jo2 (Figure 1F) and a second concurrent 2-hour HS. Cell
survival was assessed by crystal violet staining 24 hours after
addition of TNF-a or Jo2. Concurrent exposure to 2-hour HS
and TNF-a or Jo2 reduced cell survival by 99% and 45% com-
pared with untreated cells (P < 0.05). Preconditioning with
2-hour HS beginning 6 to 16 hours before TNF-a reduced cell
death by 23 to 54% (P < 0.05). Preconditioning with 2-hour HS
beginning 6 to 14 hours before Jo2 reduced cell death by 68 to
100% (P < 0.05), whereas, preconditioning beginning 16 hours
before Jo2 treatment had no effect. Pre-exposure to HS begin-
ning 4 hours before treatment with TNF-o/HS did not confer
protection (date not shown). Treatment with a higher concen-
tration of TNF-a (8 ng/ml) without concurrent HS reduced cell
survival by 80%, and pre-exposure to HS beginning 8-16 hours
earlier reduced cytotoxicity by 15 to 26% (P < 0.05; see Figure
E1 in the online supplement). To confirm this observation using
molecular markers of apoptosis, we pre-exposed MLE15 cells to
a 2-hour HS beginning 16 hours before a 2-hour incubation with
2 ng/ml TNF-a at 37° or 42°C, and immunoblotted for active
caspase-3 and PARP (Figure 1G). As seen in Figure 1C, in the
absence of preconditioning with HS, exposure to TNF-a and
concurrent HS caused much greater caspase-3 activation and
PARP cleavage than TNF-a alone (compare lanes 4 and 2).
Preconditioning with HS reduced both apoptosis markers (com-
pare lanes 6 and 8 with lanes 2 and 4).

Concurrent HS Increases TNF-a-Induced Initiator Caspase
Activation and Bid Cleavage

To evaluate the contribution of initiator caspase activation and
cleavage of the proapoptotic Bcl-2 homology region 3-only pro-
tein, Bid, to apoptosis, we treated MLE1S cells with 2 ng/ml
TNF-a and monitored caspase-2, -8, and -10 activation at
37°C and 42°C for 2 hours. Caspase activation was assessed
using two complementary methods: by measuring caspase ac-
tivity in cell lysates using fluorigenic substrates (Figures 2A, 2C,
and 2E), and by analyzing caspase cleavage by immunoblotting

(Figures 2B, 2D, and 2F). Activation of all three initiator cas-
pases occurred within 30 to 60 minutes of TNF-a treatment in
the 42°C cell cultures, but was not detectable during 2-hour
incubation with TNF-a at 37°C cells. Cleavage of Bid, a sub-
strate for caspase-2 and -8 (35) and for Jun-N-terminal kinase
(36, 37), and a known mediator of TNF-a~induced apoptosis,
was monitored by immunoblotting in similarly treated MLE15
cells (Figure 2G). Bid cleavage was observed within 30 minutes
of treatment with TNF-« at 42°C, but was not detected up to 2
hours after TNF-a treatment in 37°C cells. Exposure to 42°C
without TNF-a also stimulated Bid cleavage, although the acti-
vation was delayed and reduced compared with the TNF-
a-treated cells (compare lanes 11-14 with lanes 15-18).

To further analyze the relative contributions of the three ini-
tiator caspases to apoptosis TNF-a and HS-treated cells, we
analyzed the capacity of inhibitors of caspase-2, -8, and 10 to
block caspase 3 activation in MLE1S cells after 2-hour incuba-
tion with 2 ng/ml TNF-a at 42°C (Figure 2H). The three inhib-
itors each partially reduced caspase-3 activation, but even
combined treatment with all three inhibitors failed to abolish
caspase-3 activation (lane 15).

The Proapoptotic Action of Concurrent HS in TNF-a-Treated
MLE15 Cells Is NF-kB Independent

To confirm IkBS®R function in the stable transfectants, we
treated MLE1S5 cells transfected with IkBS® and control cells
transfected with empty expression plasmid with TNF-«, and
monitored nuclear translocation of NF-«kB by immunostaining
for NF-kB p65 and confocal imaging (Figure E2). Within 30
minutes of TNF-a treatment, control cells exhibited nuclear
p65 staining. In contrast, nuclear p65 staining was not evident
in the IkB3R-expressing cells. Having confirmed IkBS® function,
we analyzed the effect of HS on TNF-a—induced apoptosis by
crystal violet staining residual cells (Figures 3A and 3C) and by
immunoblotting for caspase-3 (Figures 3B and 3D). In the ab-
sence of HS, the IkBSR-expressing cells exhibited increased sen-
sitivity to TNF-a—induced apoptosis compared with wild-type
and control cells (Figures 1A and 3A). TNF-a at 0.3 ng/ml
reduced survival by 48% in IkBSR-expressing cells, whereas
2 ng/ml TNF-a caused only 29% reduction in survival of wild-
type and control transfectants. Exposure to HS concurrent with
TNF-a treatment increased apoptosis in all three cell popula-
tions (Figures 1 and 3A). However, unlike in the wild-type
(Figure 1B) and control cells (Figure 3C), HS exerted cytotoxic
effects in IkBSR-expressing cells even when HS was delayed for
5 hours after addition of TNF-a (Figure 3C). Inmunoblotting
showed similar caspase-3 activation in control and IkBS®-expressing
cells when HS exposure occurred within 4 hours of TNF-
o treatment, but much greater caspase-3 activation in the
IkBSR-expressing than wild-type cells when HS was delayed
for 7 to 12 hours (Figure 3D).
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Figure 2. The effects of HS on TNF-
a—induced initiator caspase and Bcl2-
interacting domain (Bid) activation.
(A-G) MLE15 cells were incubated
with 2 ng/ml TNF-a at 37°C or 42°C
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and caspases are indicated by large
arrowhead. All graphs show means
(=SE) of four experiments; *P < 0.05
versus 37°C. (B, D, F, and G) Each
panel is representative of four similar
blots. (H) MLE15 cells were pre-
treated with inhibitors of caspase-
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Cytoprotection Conferred by HS Preconditioning, but Not the
Proapoptotic Effect of Concurrent HS, Is HSF1 Dependent

Although the cytoprotective effects of HS preconditioning have
been shown to require HSF1 (15), the role of HSF1 in the
proapoptotic action of HS after TNF-a treatment is not known.
To analyze the requirement for HSF1 for the cytoprotective
and proapoptotic effects of HS, we used MEFs obtained from
wild-type and HSF1-null mice. The MEFs were pre-exposed to
2-hour HS beginning 6 to 16 hours prior to treatment with 4 ng/ml
TNF-a concurrent with a second HS (Figure 4A). Concurrent
exposure to TNF-a and HS reduced cell survival in wild-
type and HSF1-null MEFs to 26 and 12%, respectively. Pre-
exposure to HS improved survival to 45% (P = 0.04) in wild-type
MEFs, but did not improve survival in the HSF1-null MEFs, thus
confirming previous studies demonstrating that HSF1 is required
for cytoprotection conferred by heat preconditioning (38). To an-
alyze the HSF1 requirement for the proapoptotic effects of HS,
wild-type and HSF1-null MEFs were incubated for 4 hours in the

control by MANOVA (P < 0.0001);
(C) *P < 0.05, TP < 0.05, and 5P <
0.05 versus no-TNF-a control, the
same HS exposure without TNF-q,
and TNF-a without HS, respectively.

absence or presence of 4 ng/ml TNF-a with or without con-
current 2-hour HS (Figure 4B). The wild-type and HSF1-null
MEFs exhibited a similar response to TNF-a and HS. Neither
TNF-a nor HS alone caused detectable cytotoxicity, but con-
current exposure to TNF-a and HS reduced cell survival by 54
and 46% in the wild-type and HSF1-null MEFs, respectively.

Concurrent Exposure to FRH (39.5°C) Augments Extrinsic
Apoptosis through NF-kB- and HSF1-Independent Pathways

To analyze the mechanism by which concurrent exposure to
more moderate and clinically relevant hyperthermia augments
extrinsic apoptosis, we substituted continuous exposure to
39.5°C for the 2-hour HS. In agreement with previous findings
of Lipke and colleagues (5), raising the temperature from 37°C
to 39.5°C in TNF-a-treated MLE1S cells increased toxicity (Fig-
ure 5A). Similar to the effect with HS, exposure to 39.5°C for 24
hours in the absence of TNF-a did not change cell survival, but
reduced survival by 42 to 92% in cells treated with 0.05-2 ng/ml
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Figure 4. HSF1 is required for cytoprotective
effect of HS pre-conditioning but not for the
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[]42°C cytotoxic effect of concurrent HS and TNF-a
treatment. (A) WT and HSF1-knockout (KO)
mouse embryonic fibroblasts (MEFs) were pre-
conditioned with 2-hour 42°C HS beginning at
the indicated time, treated with 4 ng/ml TNF-«
and concurrent 2-hour HS, incubated for an
additional 2 hours at 37°C, and cell survival
was assessed by crystal violet staining. Control-
treated cells were incubated in parallel at 37°C
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without TNF-a or HS. (B) WT and HSF1-KO
MEFs were incubated with or without 4 ng/ml
TNF-a and with or without a concurrent 2-hour

HSF1 KO

42°C HS, incubated at 37°C for an additional 2 hours, and cell survival was assessed by crystal violet staining. Means (=SE) of four experiments are
shown. (A) WT is significantly different from HSF1-KO (P = 0.04 by MANOVA). (B) *P < 0.05 versus all three other treatments.

TNF-a (P < 0.0001). Similarly, incubating MLE15 cells with
2.5 pg/ml Jo2 antibody for 24 hours failed to alter MLE1S5 sur-
vival at 37°C, but reduced survival to 18% at 39.5°C, and HS
preconditioning conferred cytoprotection (P < 0.05; Figure E3).
The reduced cell survival in the 39.5°C TNF-a-treated cells was
accompanied by increased caspase-3 activation and PARP
cleavage (Figure 5B), but onset was slower compared with cells
exposed to TNF-a at 42°C (compare Figure 5B with Figure 1C).
We also noted that the cells incubated at 39.5°C exhibited
increases in both full-length and cleaved PARP, suggesting pos-
sible onset of secondary necrosis. To determine whether FRH
may exert its proapoptotic effects by interfering with NF-«xB
signaling, we analyzed TNF-a-induced cytotoxicity at 37°C
and 39.5°C in IkB*R-expressing MLE15 cells by crystal violet
staining (Figure 5C) and activation of caspase-3 by immunoblot-
ting (Figure E4). The IkBSR-expressing cells exhibited substan-
tially higher TNF-a—induced cytotoxicity at 39.5°C than at 37°C,
indicating that the death-promoting effects of FRH, like HS, are
NF-«kB independent. Likewise, we analyzed the HSF1 require-
ment for augmented TNF-a cell death at 39.5°C by comparing
survival in wild-type and HSF1-null MEFs incubated for 4 hours
with or without 4 ng/ml TNF-a at 37°C or 39.5°C (Figure 5D).
Similar to HS treatment, the HSF1-null MEFs were as sensitive
to TNF-a-induced toxicity at 39.5°C as wild-type MEFs.
Similar to HS exposure, incubating TNF-a—treated cells at
39.5°C increased caspase-2, -8, and -10 activation and Bid cleav-
age (Figures SE-5K), but more gradually than did HS exposure
(compare Figures SE-5K with Figures 2A-2G). Finally, pre-
treating MLE1S cells with inhibitors of caspse-2, -8, and -10,
alone or in combination, demonstrated a pattern of effect sim-
ilar to that in MLE1S cells exposed to TNF-a and concurrent
HS (compare Figure 5L with Figure 2H). Combined treatment
with all three inhibitors partially blocked caspase-3 activation in
cells incubated with 2 ng/ml TNF-«a for 24 hours at 39.5°C.

DISCUSSION

This study extends previous observations of cytoprotective and
cytotoxic effects of HS. Specifically, we show that HS can be both
cytoprotective and cytotoxic in the same cell. Our data under-
score the critical importance of timing between HS and death re-
ceptor activation, showing that exposure to more moderate and
clinically relevant FRH exerts similar proapoptotic effects, and
demonstrating the HSF1 and NF-«B independence and partial
caspase-2, -8, and -10 dependence of the proapoptotic effects.
We used MLEI1S5 cells, which are derived from lung tumors
arising in mice transgenic for SV40 large T antigen under control
of the surfactant protein (SP) C promoter, express SPA, SPB,
and SPC, and have the morphologic characteristics of distal

respiratory epithelial cells. Our laboratory (30) and that of
Lipke and colleagues (5) have previously shown that mice co-
exposed to intratracheal LPS and FRH exhibit increased apo-
ptosis and necrosis of the distal respiratory epithelium in vivo.
Lipke and colleagues (5) showed that, despite expressing SV40
large T antigen, MLE15 cells undergo augmented apoptosis
when coexposed to FRH and TNF-a. The methanol fixation
and crystal violet staining assay used in the current study pro-
vides a high-throughput method to detect cell death, but cannot
distinguish between apoptosis and primary cell detachment with
or without anoikis. However, the immunoblot analysis of the
adherent monolayer, demonstrating caspase-3 activation and
PARP cleavage, confirmed that the observed cell death was
caused by apoptosis and demonstrates a similar sensitivity to
TNF-a/heat-induced apoptosis as that found by Lipke and col-
leagues in the same cells.

Preconditioning with HS mitigated the apoptosis induced by
subsequent treatment with TNF-a or Fas activation. The cyto-
protective effect of HS required at least 4 hours of recovery at
37°C before death receptor activation with TNF-a or anti-Fas
antibody, and was not evident in MEFs lacking an intact HSF1
gene. These results are consistent with the current paradigm of
HS-induced cytoprotection exerted through HSF1-dependent
expression of HSP genes (39). Although originally discovered
in the context of thermal injury, many subsequent studies have
reported that HS confers protection against diverse cellular
injuries, including TNF-a—induced cell death (40). Protection
of WEHI-164 cells against TNF-o—induced cell death by HS
preconditioning required active gene transcription and protein
synthesis (40), was associated with increased HSP70 expression,
and could be reproduced by overexpressing HSP70 (41). Kim
and colleagues (42) showed that carbon monoxide precondi-
tioning also increases HSP70 expression and confers protection
against TNF-a—induced apoptosis, and both responses were
abolished in cells transfected with HSP70-targeting small inter-
fering RNA or cells from HSF1-null mice. Collectively, these
results demonstrate that HSF1-mediated HSP expression is crit-
ical for the cytoprotection conferred by HS preconditioning.
The loss of HS-conferred cytoprotection for TNF-a—induced
apoptosis in HSF1-deficient MEFs found in the current study
is consistent with this paradigm. In contrast, the proapoptotic
effects of concurrent HS and TNF-a exposure were comparable
in HSF1-deficient and HSF1-sufficient MEFs, demonstrating
a critical difference in mechanism of the cytoprotective and
proapoptotic effects of HS.

Previous studies of the synergy between hyperthermia and
TNF-a for apoptosis induction have attributed the proapoptotic
effects of hyperthermia to interruption of NF-kB signaling and
reduced expression of NF-kB-dependent antiapoptotic gene
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expression (22-28). Lipke and colleagues (5) made similar con-
clusions about the apoptotic effects of 39.5°C exposure in TNF-
a—treated MLE1S5 based on reduced TNF-o—stimulated NF-xB
reporter plasmid activity at 39.5°C versus 37°C, and enhanced
TNF-a—-induced cell death in the presence of the NF-«kB inhib-
itor, BMS 345.541. In the current study, we detected enhanced
apoptosis as early as 30 minutes after coexposure to TNF-a and
hyperthermia, which is much more rapid than the reported loss
of NF-kB signaling, which required several hours and correlated
with HSP gene expression (22, 23, 25, 26). To confirm an
NF-kB-independent mechanism for the proapoptotic activity
of hyperthermia, we created MLE1S5 clones stably transfected
with IkBSR, which is incapable of being targeted for proteolysis
and prevents nuclear translocation of NF-kB (32). We con-
firmed IkBS® function by showing that TNF-a—induced NF-xB

B-tubulin — Se—
23 45 6 7 8 9

bated at 39.5° with or without 2 ng/ml
TNF-a and immunoblotted for activated
caspase-3. A representative of three
similar blots is shown.

nuclear translocation did not occur in the IkBSR-expressing cells.
Although the IkBR-expressing cells showed increased sensitivity
to TNF-a—induced cell death at 37°C (compare Figures 1A and
3A), coexposure to HS (Figures 3A and 3B) or 39.5°C (Figure
5C) still greatly augmented cell death and caspase-3 activation,
which was evident within 15 minutes of TNF-a treatment. Thus,
even when NF-«B signaling is disrupted, exposure to hyperther-
mia still accelerates and enhances the early phase of apoptosis.
HS was only cytotoxic if applied within 3 hours of TNF-« in
wild-type MLE1S5 cells, but protection against delayed HS was
lost in the IkBSR-expressing cells (compare Figures 1B and 3C).
These results are consistent with the expected time course of
TNF-a-induced NF-«B activation and antiapoptotic gene ex-
pression (43-45). Wild-type cells treated with anti-Fas antibody
exhibited prolonged susceptibility to the apoptotic effects of
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HS that resembled the pattern seen in the TNF-a-treated
IkBSR_expressing cells. Although Fas activation has been shown
to activate NF-kB in some cells, the process appears to be indi-
rect (33) and less robust (34) compared with TNF-a treatment. In
fact, in some cells, Fas activation has been shown to repress
NF-kB activation by activating proteolysis of NF-kB signaling
elements (46).

The results of the current study suggest that hyperthermia
engages at least two mechanisms that regulate apoptosis: one
that acts very early and is NF-kB independent, and a second
that is delayed and is blocked by NF-kB-dependent gene ex-
pression. A more detailed characterization of the early mecha-
nism is required, but we have already shown that all initiator
caspases and Bid undergo accelerated and augmented activa-
tion. It is possible that apoptosis detected as early as 15 minutes
after TNF-a exposure is most likely the result of modifications
of the Fas and TNF receptor 1 signaling complex, such as inac-
tivation of associated FLIP (29), increased specific activity of
one or more initiator caspases, or accelerated assembly of the
death-inducing signaling complex.

In summary, we have demonstrated the HS paradox—the
capacity of the same HS exposure to confer cytoprotection
or augment apoptosis—in the same cell, and have defined the
temporal relationship with extrinsic apoptosis inducers that
determines its ultimate effect. We have confirmed the HSF1
dependence of cytoprotection, while demonstrating that the
proapoptotic effect is HSF1 independent. Furthermore, we have
shown that both augmentation of apoptosis by exposures to HS

and febrile-range temperatures is rapid and, at least in its early
stages, is independent of NF-«kB signaling. More complete un-
derstanding of how changes in temperature within the clinically
relevant range modify cell survival and death is necessary for
better understanding of disease pathophysiology, improvement
of body temperature management during illness, and identifica-
tion of new therapeutic targets.

Author disclosures are available with the text of this article at www.atsjournals.org.
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