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ABSTRACT

Tumor cells undergo self-destruction when incubated with cytotoxic
T-cells (CTL) consistent with the observation that suppression of target

protein synthesis causes resistance to apoptosis. Resistance to CTL is also
induced by stress, suggesting that pathways exist suppressing apoptosis.
Here we examine whether stress induced lysis resistance to CTL and
tumor necrosis factor a involves stress proteins GRP78 and GRP94. We
show that inhibition of GRP78 synthesis by transfection of cells with grp78
antisense vector pRSV-78WO leads to inability to induce resistance to

CTL or tumor necrosis factor a. Resistance induced in untransfected cells
is reversible upon stress removal and correlates with GRP78 rephosphory-

lation, consistent with the notion that phosphorylated GRP78 is nonfunc
tional. The possibility that GRP78 plays a role in defense against CTL
mediated apoptosis is supported by the finding that CTL but not (1)4'

cells express a high level of unphosphorylated GRP78.

INTRODUCTION

Target cell lysis by CTL2 is the in vitro manifestation for transplant

rejection, a process of importance still poorly understood. Two mecha
nisms causing cell death have been identified, lysis from without and
lysis from within. The complement system evolved to lyse cells from
without as does perforin present in CTL (1-3). Recent evidence in

dicates, however, that CTL lysis proceeds via apoptosis (4, 5) not
inducible by pore forming proteins. Consistent with this, target protein
synthesis inhibition can interfere with CTL lysis (6). In support of this
a protein that facilitates CTL mediated target lysis has recently been
identified to be FAS (7). It is therefore not unexpected that cells can
also activate mechanisms capable of suppressing apoptosis. Induction
of stress, e.g., has been reported to induce resistance to CTL as well
as the toxic effects of TNF-a (8, 9). Stress causes induction of stress
proteins which increase cell survival (10-15). Although the precise

protective role of stress proteins remains to be elucidated it may be
caused by their ability to aid in protein folding and to regulate calcium
stores in the endoplasmic reticulum (16, 17). The observation that
CTL induce irreversible calcium increase in targets could provide an
explanation why stress-induced targets develop resistance to CTL.

Stress may, however, cause a multitude of effects, among those inhi
bition of protein synthesis, which in itself causes CTL resistance (6).
It therefore remains to be determined whether stress proteins are the
cause of lysis resistance or the consequence of induced stress. Using
various approaches we show here that lysis resistance correlates with
the induction of GRP78 in a tumor target and that CTL themselves
express a high level of GRP78.

MATERIALS AND METHODS

Animals, Cell Lines and Transfectants. C57BL/6, BALB/c and DBA/2
mice were obtained from The Jackson Laboratory (Bar Harbor, ME). The
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tumor target cell line B/C10ME-//-2rf was grown in Dulbecco's modified

Eagle's medium supplemented with 10% FCS (18). B/C10ME was transfected

with 10 Â¿Â¿gpRSV-78WO DNA ( 19) and 10 fig DNA of dihydrofolate reducÃase

plasmid pFR400 (20, 21) using the calcium phosphate precipitation method.
Transformants were selected by stepwise increase of methotrexate to 5 /XMand

resistant cells cloned by limiting dilution.
Mixed Lymphocyte Reaction Cell Mediated Cytotoxicity Assay Induc

tion of Stress, TNF-a Assay, and Lymphocyte Isolation. For induction of
CTL mixed lymphocyte cultures were set up by mixing C57BL/6-//-2'" re

sponder and 1000-rad irradiated BALB/c-W-2'' stimulator spleen cells in RPM1
1640 supplemented with 10% FCS, 5 X 10~5 M 2-mercaptoethanol, 2 mm

glutamine, 1 HIMsodium pyruvate, and 0.1 HIMnonessential amino acids (6).
On day 5, cells were harvested and used for Cytotoxicity assays. B/C10ME-
H-2d cells were labeled with Na251CrO4 for 60 min at 37Â°Cin RPMI 1640
containing 5% FCS and washed three times with Hanks' balanced salt solution

containing 5% FCS. Labeled targets (104/well) were incubated in a volume of

200 fil with effector cells in RPMI 1640 in 96-well round bottomed microtiter

plates. After incubation for 4 h, plates were centrifuged, and supernatants were
harvested and counted in a gamma counter. The percentage of Cytotoxicity was

calculated as the percentage of releasable counts after subtraction of sponta

neous release (6).
For induction of stress, cells were cultured in tissue culture medium con

taining 5 JAMA23187, 5 ITÃŒML-azetidine-2-carboxylic acid, 10 ITIM2-deoxyglu

cose, or 1.5 /ng/ml tunicamycin all purchased from Sigma Chemical Co. (St.
Louis, MO) for various lengths of time (6). To assay for sensitivity of target
cells to TNF-a normal or stress induced targets (2 X IO4) were incubated for

18 h with murine recombinant TNF-a (Genzyme, Boston, MA) in the presence

of 1 /xg/ml actinomycin D in a total volume of 300 /j.1of phenol red free RPMI
1640. 3-(4,5-Dimethylthiozol-3-yl)-2,5-diphenyltetrazolium bromide was
added for 4 h at 37Â°Cand absorbance was read at 560 nm. The percentage of

dead cells was calculated as the ratio of absorbance in wells with and without
TNF-a (6). To isolate CD8+ cells from MLR or normal spleen, cells were

passed over nylon wool columns and nonadherent cells were treated with
anti-CD4 plus complement as described (18). CD4+ cells were isolated from

either normal spleen passed over nylon wool columns by treatment with
anti-CD8 plus complement (18) or BALB/c anti-DBA/2 MLR. Cell purity was

ascertained by fluorometry on a FACStar plus (Becton Dickinson) (6, 18).
Protein Labeling, Gel Electrophoresis, and RNA Hybridization. Nor

mal or stress induced B/C10ME cells were harvested and labeled with 100 p.Ci
of [35S]methionine for 90 min at 37Â°Cin methionine free medium containing

10% dialyzed fetal calf serum. After two washings in phosphate buffered
saline, cells were lysed in 2X sample buffer (0.125 MTris, pH 6.8-4% SDS-
10% glycerol-0.02% bromophenol blue-4% ÃŸ-mercaptoethanol). Lysates with

equal amounts of radioactivity were separated by electrophoresis on 10%
SDS-polyacrylamide gels. Gels were stained with Coomassie blue, dried, and

exposed to Kodak XAR X-ray film (6). To assay GRP78 transcript levels,

aliquots were removed from cultures of normal or stress induced cells. RNA

was extracted, separated on denaturing formaldehyde formamide gels by elec
trophoresis, transferred to nitrocellulose sheets, and blot-hybridized with -12P-

labeled hamster grp78 complementary DNA probe p315 (22). To control for
RNA loading the blot was also hybridized with an actin probe and probe p3A10

(23). To determine phosphorylation of GRP78 after removal of stress, cells
were labeled with 32PÂ¡3 h prior to removal of stress inducer, washed, and

recultured in drug free medium in the presence of 32PÂ¡.At the time points

indicated cell aliquots were harvested and cell lysates were separated by
electrofocusing 2-dimensional acrylamide gel electrophoresis (10). Gels were

stained with Coomassie blue and exposed to autoradiography. Intensities of
Coomassie blue staining were scanned, 12P incorporation was determined and

relative increases in GRP78 phosphorylation were calculated.

6001

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/24/6001/2452887/cr0530246001.pdf by guest on 19 M

ay 2023



STRESS PROTEIN AND CELL MEDIATED CYTOTOXICITY

A23187

2-DG

Azetldlne

Tunicamycin

RESULTS

Stress Causes Induction of Stress Proteins and Lysis Resistance
in Fibrosarcoma B/C10ME. Incubation of the fibrosarcoma
B/C10ME with CTL causes lysis in a 4-h cytotoxicity assay (Fig. 1).

When instead of normal targets, cells precultured for 18 h in stress
inducers tunicamycin, azetidine, 2-DG, or calcium ionophore A23187

are tested, a significant decrease of target cell lysis is seen (Fig. 1)
confirming previously published data (18). To examine which proteins
are induced, B/C10ME cells were stress induced as in Fig. 1 for 18 h,
labeled with (â€¢vsS]methioninefor 90 min, and analyzed by SDS-PAGE

and autoradiography. Results in Fig. 2A show that the most prominent
stress protein induced is GRP78 and to a lesser degree GRP94.

Induction of GRP78 Correlates with Lysis Resistance to CTL.
To explore whether the development of lysis resistance correlates with
the induction of GRP78, B/C10ME cells were incubated with stress
inducers for various times at which cells were harvested and tested for
lysis sensitivity. At 12 h, drugs were removed, cells were recultured in
normal medium and tested for lysability. Results in Fig. 3 show that
all stress inducers cause a gradual and time dependent decrease in
target lysability and that lysability increases when stress inducers are
removed. The only exceptions are targets treated with tunicamycin
which show an unabated decrease in lysability. To examine whether
induction of GRP78 correlates with an increase in lysis resistance,
cells were assayed for grp78 transcript levels. Total cellular RNA was
isolated, separated on denaturing formamide agarose gels, electropho-

resed, blotted onto nitrocellulose filters, and hybridized to a comple
mentary DNA probe specific for grp78 transcript (23). To standardize
RNA loading, gels were also hybridized with probe p3AK), previously
shown to code for an invariant transcript (23) as well as an actin probe
(Fig. 3). The RNA blots in Fig. 3 show that induction of stress leads
to an increase of grp78 transcript whereas removal of stress inducers
causes a decrease. When blots are scanned and results plotted into Fig.
3, it is seen that there is an inverse relationship between target lys
ability and transcript levels. In the cases of A23187, 2-DG, and azeti

dine, a rise in transcript level correlates with a decrease in lysability
whereas a fall in transcript level results in recovery of cell lysability.
Note, however, that the peak of transcript level precedes maximal lysis
resistance. In tunicamycin, transcript levels decrease yet do not return
to basal levels indicating incomplete reversibility of stress.

The inverse correlation between grp78 transcript levels and target
lysability suggests a correlation between lysis resistance and GRP78
induction and its effects. This raises several questions, among these
whether GRP78 has a rapid turnover rate. Pulse chase experiments
were performed in stress induced B/C10ME cells which showed that
the half-life of GRP78 after removal of stress exceeds 36 h (data not

shown). Therefore, the decrease in de novo GRP78 synthesis cannot

A. B.

Fig. 2. Induction of stress proteins in B/CIOME
and its transfeclanl clones 4, 9, and 1. In/4, B/CIOME
cells were stress induced with 2-DG. tunicamycin,
azetidine, or A23187 for 18 h; harvested; and labeled
wilh ("SJmethionine for 9() min at 37Â°C. Lysates

were separated hy clectrophoresis on SDS PAGE and
dried gels exposed to X-ray film. In B. B/CIOME
transfectanl clones 4, 9, and 1 were cultured in nor
mal medium (-) or with A23187 ( + ) for 18 h labeled
for 9() min with ["Sjmcthioninc and analyzed on
SDS-PAGE as in A. Location of GRP94 and GRP78
are indicated by an arrowhead on the lefi and a tloi on
the right side of the gel. Data are from one represen
tative of three independent experiments.

U
>â€¢

, O %
I

04

GRP94*

fc

:_B
i <M

1"
_,==

o
.- h-
jo oo

o> S3
N CM

< <

^ -

1 Â«
5 Ã¶

- â€¢*â€¢

o
C
_o
o

GRP94Â»
GRP78*-

r.

6002

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/24/6001/2452887/cr0530246001.pdf by guest on 19 M

ay 2023



STRESS PROTEIN AND CELL MEDIATED CYTOTOX1CITY

2-DG

I? 16 24

4 40

5 30
X
O

20

10

2-DG

E
E

4 JD

O.
ce

2 O

O 4 81216202428
O 4 8 1 21 6202428

TUNICAMYCIN

I I lÃ¬ 16 n

O 4 81216202428

HOURS

4 81216202428

HOURS
Fig. 3. Stress induced lysis resistance is a time dependent and reversible process that

inversely correlates with the level of grp78 transcript. To B/C10ME cells 2-DG, A23187,
tunicamycin. or azetidine were added at the 0 time point and removed at 12 h ( J ), at
which time cells were washed and recultured Â¡nmedium without drug. At the time points
indicated aliquots were removed and tested for lysis by H-2'1 specific CTL at an effec-

tortarget cell ratio of 30:1. GRP78 transcript levels were determined from RNA blots
which were scanned and relative levels of GRP78 RNA plotted for each time point. The
data shown are from one representative of two independent experiments.

be the only reason why lysis sensitivity is restored. Consequently, for
the case that GRP78 is responsible for resistance, a mechanism by
which it is inactivated upon stress removal must be postulated.

Rephosphorylation of GRP78 Correlates with Reappearance of
Lysis Sensitivity. GRP78 is a serine-threonine phosphoprotein which

is nonfunctional as a binding protein in the phosphorylated form (22).
The rapid recovery of lysis sensitivity may therefore be the result of
GRP78 phosphorylation. To examine this, cells were stress induced
for 12 h, and cell aliquots were labeled with 32PÂ¡during the last 3 h

of stress induction and at various times after removal of stress inducer
and culture in normal medium. To identify GRP78, cell lysates were
separated by isoelectric focusing on 2-dimensional PAGE as described
previously (14) and incorporation of 32P into GRP78 was determined.

To normalize incorporation of label, gels were stained with Coomassie
blue and scanned by densitometry, and relative incorporation of ra
dioactivity into GRP78 was calculated. Results in Fig. 4 show that
there is a significant increase in phosphorylation of GRP78 subse
quent to removal of azetidine, 2-DG, and A23187 at the 12-h time

point whereas removal of tunicamycin results in little change. There

fore release from stress induction leads to increase in the relative
amounts of phosphorylated GRP78 in three of the stress inducers,
consistent with the notion that upon stress removal, GRP78 is rephos-

phorylated. Thus, with the decrease in GRP78 mRNA and protein
synthesis a relative increase in the proportion of phosphorylated
GRP78 is observed. The reason why no increase in phosphorylation
takes place after removal of tunicamycin may be the continued syn
thesis of the grp78 transcript (Fig. 3). Therefore there is a correlation
between reappearance of lysis sensitivity and GRP78 phosphoryla
tion.

B/C10ME Cells Transfected with grp78 Antisense Vector Fail to
Develop Lysis Resistance to CTL and TNF-or. A correlation be

tween GRP78 synthesis and development of lysis resistance would be
consistent with a role of GRP78 in resistance but does not prove it. We
therefore sought to inhibit synthesis of GRP78 in stressed B/C10ME
by transfection with grp78 antisense vector pRSV-78WO (19). This

vector suppresses induction of GRP78 in CHO cells cultured with
A23187 (19). It contains the grp78 fragment including 41 base pairs
of 5'-untranslated sequence, the entire sequence of the hamster grp78,
and 29 base pairs of the 3'-untranslated sequence (19). To amplify the

gene, cells were cotransfected with mutant dihydrofolate reducÃase
plasmid pFR400 (21) using the calcium phosphate method. Resistant
cells were selected by stepwise increases of methotrexate up to a
concentration of 5 JAM(20), cloned by limiting dilution, and expanded
and individual clones were tested for their ability to induce GRP78.
Clones were treated with A23187 for 12 h followed by labeling with
[35S]methionine for 3 h and analysis on SDS-PAGE. Selection re

vealed three classes of clones of which examples are clones 4, 9, and
1. The basal level of GRP78 appeared to be unchanged inasmuch as
it does not differ from that of the parent B/C10ME cell line (Fig. 25).
The three clones differ, however, in their ability to respond with
induction of GRP78 (Fig. 26). Clone 4 shows almost normal induc
tion, clone 9 somewhat reduced and clone 1 very weak, if any, in
duction of GRP78. There were only minor effects on the induction of
GRP94. Whereas clone 4 was unaffected, there was a small reduction
of GRP94 in clones 9 and 1.
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Fig. 4. Phosphorylation of GRP78 after removal of stress inducers. B/C10ME were

incubated with azetidine (â€¢),A23187 (â€¢),2-DG (A), or tunicamycin (A) as in Fig. 3 for
12 h. Cells were labeled with *-PÂ¡during the last 3 h of stress induction as well as after

removal of stress. At the time points indicated cell aliquots were harvested and cell lysates
were analyzed by electrofocusing 2-dimensional PAGE. Gels stained with Coomassie blue
were exposed to X-ray film and relative 32P incorporation into GRP78 was determined. On

all gels GRP78 was separated from other stress proteins. Data are shown from one of two
experiments.
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Fig. 5. Sensitivity of antiscnse transfertÂ«! B/CIOME clones to T-cell and TNF medi

ated lysis. B/CIOME and clones 1, 4, and 9 were incubated in normal medium (-) or with

A23187 ( + ) for 18 h as in Fig. 2ÃŸ,harvested, washed, and used for cytotoxicity assays.
CTL assay: Cytotoxic T-cells induced as in Fig. 3 were incubated a! ratios of 30:1 (^).
10:1 (D). and 3:1 (â€¢)with targets for 4 h to determine cytolysis. TNF assay: Targets were
incubated for 18 h with 20 (S^), 2 (D). or 0.2 (â€¢)unit/ml TNF in the presence of 1 ng/ml
actinomycin D. The percentage of dead cells was determined by MTT assay. The data
shown are from one of three independent experiments.

To test the sensitivity of transfectants to CTL lysis, cells were stress
induced for 18 h in A23187 and then used as targets. Fig. 5A shows
that induction of stress in B/CIOME causes induction of resistance to
CTL lysis and almost the same result is seen with clone 4. In contrast,
clone 9 develops very little resistance and no resistance at all is
induced in clone 1. Thus, the ability to induce GRP78, decreasing
from clone 4 to clone 9 to clone 1 correlates with a decrease in ability
to respond to stress with CTL resistance.

It had previously been reported that various stress inducers may
cause lysis resistance to the cytotoxic effects of TNF-a (8, 9, 18). It

was therefore interesting to examine whether clones 4, 9 and 1 express
TNF-a resistance after stress induction. Cells were incubated with

A23187 for 18 h then treated with actinomycin D to inhibit protein
synthesis. After incubation with TNF-a for 18 h, cells were assayed

for viability. Fig. 5B shows that B/CIOME develops strong resistance
to TNF-a after stress induction as reported before (18). Clones 4 and

9 develop intermediate resistance whereas clone 1 develops barely
noticeable resistance. This shows that transfectants unable to induce
GRP78 in response to stress lose resistance to CTL lysis as well as the
toxic effects of TNF-a.

CTL Express a Relatively High Level of GRP78. The demon
stration that in B/CIOME cells induction of GRP78 causes lysis re
sistance to CTL raises the intriguing question of whether CTL them
selves make use of this mechanism as a defense against the cytotoxic
effects of their own effector molecules. To explore this, steady state
levels of GRP78 were determined by scanning the relative amounts of

GRP78 on 2-dimensional gels prepared from cell lysates. Cells were
also labeled with 32PÂ¡for 18 h to determine the degree of phosphory-

lation by 2-dimensional gel electrophoresis and autoradiography as in

Fig. 4. Results showed that in CTL GRP78 is not phosphorylated (data
not shown). A comparison of freshly isolated noncytotoxic CD4+ and
CD8+ cells from normal spleen shows that they express comparable
amounts of GRP78. In contrast cytotoxic CD8+ cells induced in MLR

have a significantly increased level of GRP78 compared to noncyto
toxic CD4+ cells stimulated in MLR. To examine whether the level of

GRP78 is inducible, cells were recultured with azetidine for 12 h.
Results in Table 1 show that the levels of GRP78 are not further
inducible in either CD4+ or CD8+ cells.

DISCUSSION

In this report we provide further evidence for the hypothesis that
GRP78 may have a protective role in certain tumor cells against the
lytic action of CTL (18). We show that induction of grp78 message
correlates with the development of lysis resistance and explain the
reappearance of lysis sensitivity with the phosphorylation of GRP78.
Previous experiments had suggested that GRP78 loses its protein
binding activity in the phosphorylated form (22). To provide conclu
sive evidence for the protective role of GRP78, targets were trans-

fected with a grp78 antisense vector. Individual transfectants did not
differ in the basal level of GRP78, a result that is also seen in CHO
cells transfected with the same vector (19). The reason why this
minimal basal level is maintained is that there is a significant increase
of grp78 transcript levels to compensate for the antisense effect of the
vector (19). This could be due to an obligatory function of GRP78
consistent with the observation in yeast that deletion of the gene
constitutes a lethal mutation (24).

While we show that in all cases GRP78 is the major protein species
affected, we found that in grp78 antisense transfectants the induction
of GRP94 may be partially inhibited. This indicates that GRP78 and
GRP94 may be coregulated, a possibility previously suggested from
results in transfected CHO cells (21). It is interesting to note that
HSP7Ãœ,which shares 50% amino acid sequence identity with GRP78,
has been found to convey resistance to the lysis of tumor cells by
monocytes (25). Nonetheless, in the case of CTL mediated lysis
examined here the induction of HSP70 does not appear to play a role
as all of the stress inducers used here with the exception of azetidine
do not induce HSP70 (Fig. 2; Ref. 18). Taken together these results
suggest that specific stress proteins exert protective effects against
specific effector cells of the cell mediated immune system. Interest
ingly, both the induction of HSP70 and GRP78 convey resistance to
TNF-a (18, 25), a cytokine that is associated with the function of

several cell types in the cell mediated immune system. The observa
tion that stress proteins are involved in the protection of tumor cells in
vitro against cell mediated cytotoxicity as well as the toxic effects of

Table 1 CDcS+ CTL high a high anil noninducible level of GRP7S

CelltypeCD4
+, fresh from spleen

CD8 + , fresh from spleen
CD8 + , (C57BL/6 anti-BALB/c) CTL, not recultured
CD8 + , (C57BL/6 anti-BALB/c) CTL, recultured for

12 h in normal medium
CD8 + , (C57BL/6 anti-BALB/c) CTL, recultured for

12 h in 5 mM azetidine
CD4+, (BALB/c anti-DBA/2) recultured for

12 h in normal medium
CD4 + , (BALB/c anti-DBA/2) recultured

12 h in 5 niM azetidineRelative

GRP78
expression"1.0

0.912.74

2.752.59

1.00.83

" Values were normalized using actin as a reference and are from one of three experi

ments.
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TNF-a raises several important questions one of which is whether this

mechanism is utilized in vivo. It is relevant that the induction of
GRP78 has been reported in progressively growing tumors in mice
(26) and one could speculate that the induction of stress proteins may
be due to stress induced by a limitation of blood supply. Another
question is how GRP78 conveys lysis resistance and whether its
effects are indirect. This may be indicated by the observation of a lag
between induction of grp78 transcript and lysis resistance.

A general role of stress proteins in protecting cells from self-
destruction may be suggested by our finding that CD8+ CTL but not
CD4+ cells express a relatively high level of GRP78 which is non-

phosphorylated and therefore presumably in the functional form. This
could suggest that CTL make use of the GRP78 mediated protection
mechanism, perhaps against their own cytotoxic molecules to avoid
autolysis. However, it is important to note that CTL are not completely
resistant to lysis by CTL which suggests that the resistance may be
relative rather than absolute. Moreover, it is interesting that in both
CD4+ and CD8+ T-cells GRP78 is not further inducible as appears to

be the case in tumor cells. The ability of the grp78 promoter to
respond to changes of intracellular calcium levels may be another
indicator for the protective role played by GRP78 in CTL and other
forms of Ca2+ stress induced apoptosis (27).
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