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tion, gp96-1g-secreting tumor cells caused powerful immunization

The endoplasmic reticulum resident heat shock protein gp96 5, tymor rejection in vivo dependent exclusively on CD8 cells.

chaperons peptides, including those derived from tumor Ags,
on their way to presentation by MHC class I. Replacement of  \aterials and Methods
the endoplasmic reticulum retention signal of gp96 with the Fc  cg|| lines

portion of murine IgG1 generated a secretory form of gp96, ) ) i .

. L All cell lines were obtained from the American Type Culture Collection
gp96-lg. Tumor cells secreting gp96-1g exhibited decreased tu-  \j3nassas, Va) and cultured in medium with 10% FCS. Human small cell
morigenicity and increased immunogenicity in vivo and were  |ung carcinoma (SCLC) cell lines (SCLC-2 and SCLC-7) were established
rejected after initial growth. Rejection required CD8 T cells as described (14). Chicken OVA cloned into the expression vector, apc-
during the priming and effector phase. CD4 T cells were not ~NEO-OVA, was kindly provided by Dr. M. Bevan (Seattle, WA) (15) and

. Lo used to transfect Lewis lung carcinoma (LLC).
required for rejection in either phase. Carrageenan, a com-
pound known to inactivate macrophages in vivo, did not Construction of gp96-Ig

diminish CD8-mediated tumor rejection. Therefore, immuniza- 1o generate the gp96-Ig fusion protein, the KDEL sequence was deleted
tion with tumors secreting gp96-lg generates efficient tumor-re-  and replaced with the hinge, CH2 and CH3 domains of murine I1gG1 (16—
jecting CD8 CTL without requirement for CD4 or macrophage 23); double-stranded cDNA was prepared from Jurkat DNA (24) with the
help. In contrast, immunization with purified, tumor-derived GeneAmp RNA PCR Kit (Perkin-Elmer Cetus, Norwalk, CT) and ampli-
’ ! ! fied by PCR. The PCR primers were ATTACTCGAGGGCCGCACGC
gp96 or with irradiated tumor cells requires both. The Journal CATGAGGG-3 and B3-GCCCGGATCCTTCAGCTGTAGATTCCTT
of Immunology, 1999, 163: 5178-5182. TGC-3 (18, 19). The PCR primers included xhd site (forward primer)
and aBanH| site (reverse primer). The hinge, CH2 and CH3 domains of
murine 1gG1, was amplified by using murine IgG1 cDNA as a template and
; ; ; _mutating the three cysteines of the hinge portion to serines (21, 25). The
he heat shock protein (hsJp96, localized in the endo- S F0B o T os X G ATCCGTGCCCAGGGATTCTGGTT
plasmlc_ reticulum (_ER), is thought to serve as a chaperon-TanG-3' and 5-CTAAGCGGCCGCAAGGACACTGGGATCATTT
for peptides on their way to MHC class | and Il molecules ACCAGG-3. The PCR primers included BarrH] site (forward primer)
(1-4). Gp96-chaperoned peptides comprise the entire spectrum afid Notl site (reverse primer). Gp96 was inserted itbd and BanH|

peptides and larger protein fragments generated in cells and trangies of the eukaryotic expression vector, pPBCMGSNeo and pBCMGHis

- . 26-29), and transfected into SCLC-2, SCLC-7, B16F10, MC57, LLC
ported into the ER (5-9). Gp96 obtained from tumor cells and use{ 13" £ 4 £'G7, and P815. Transfected cells were selected with 1

as a vaccine induces specific tumor immunity (3, 10-13), presuMmg/m| of G418 or 2.5-10 mM of-Histidinol (Sigma, St. Louis, MO).
ably through the transport of tumor-specific peptides to APCs.
We developed a secretory form of gp96, gp96-1g, and tested iELISA
in tumor models. Transfection of tumor cells with the cDNA for This was conducted using Abs to the Ig tag. Gp96-Ig-producing cells were

gp96-1g resulted in gp96-lg secretion. As shown in this pub|ica-p|ated at 1&ml in AIMV or IMDM with 10% FCS, and culture superna-
tants were harvested at different time points. For analysis of intracellular
expression of gp96-lg, cells were lysed by three freeze-thaw cycles and
centrifuged 60 min at 13,008 g (30).
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FIGURE 1. Characterization —of 1.0 1

gp96-lg.a, Schematic representation 1 c

of the gp98-Ig constructb, ELISA 1 2

for gp96-lg of supernatants from g kD

gp96-lg cDNA-transfected and un- a

transfected SCLC-7; cells were 8 200 —

plated at 16ml, and supernatants 0.5 1

were harvested on day 3 and day 6;

purified mouse 1gG (500 ng/ml)

served as standareD, Murine IgG 116 —

standard (500 ng/ml)A, SCLC-7 97.4—

gp96-lg on day 3;A, SCLC-7 '

gp96-Ig on day 6c, SDS-PAGE of 0 66.2—

protein A-purified gp96-lgLane 1, 1 10 100 1000

Coomassie blue stain (3 protein);
lane 2,Western blot with monoclonal
anti-gp96-lg  (anto-Grp94, 9G10)
(100 ng protein)d, Accumulation of
gp96-Ig. o, Gp96-Ig in the culture
supernatant©O, Gp96-Ig in cell ly-
sates. Gp96-lg was quantitated by
ELISA; SCLC-gp96-Ig was plated at
10%ml. e, Intracellular staining of
gp96-1g by FACS analysis of perme-
abilized SCLC-gp96-1g; dashed line,
goat anti-rabbit IgG-FITC (negative
control); solid line, goat anti-mouse
IgG-PE. f, SCLC surface stain and
SCLC-gp96-lg surface stain. Ab-
sence of surface stain for gp96-Ig on
unpermeabilized SCLQeft, untrans-
fected; right, gp96-lg-transfected
SCLC. Dashed line in both panels is
goat anti-rabbit IgG-FITC; solid line,
goat anti-mouse 1gG-FITC.
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anti-rabbit IgG-FITC, or goat anti-syrian hamster IgG-FITC for 15 min at functional inhibition of macrophages, 1 mg of Carrageenan (type lI;
4°C and analyzed by a flow cytometer. Sigma) in 200ul PBS was administered by i.p. injection (32, 34).

Tumor inoculation and vaccination

Results
Tumorigenicity in vivo was determined by s.c. injection of live tumor cells . . .
in 200wl PBS into the flanks of mice. The size of tumors was measured in' € ER-resident hsp gp96 purified from tumor cells can provide

two dimensions twice weekly for at least 2 mo. When mean tumor growthtumor-specific immunity (35). The C-terminal sequence KDEL of
exceeded 10 mm diameter, the mice were sacrificed. gp96 serves as ER retention signal. Deletion of this sequence re-
Mice were immunized by s.c. injection of 1@ive E.G7-gp96-Ig or  gited in the secretion of gp96 together with bound peptides from

irradiated E.G7 as a control (in 2Q0 PBS), given in the right flank. Two t fected t I d der t . .
immunizations at 2-wk intervals were given. Two weeks later, mice weref@nSfected tumor cells and may render tumors more Immunogenic

challenged by s.c. injections of the indicated number of live tumor cellsto allow tumor rejection by the immune system.
(EL4, E.G7, LLC, or LLC-OVA in 200ul PBS) into the left flank.

Depletion of T cells or macrophages in vivo Characterization of secreted hsp gp96-1g

A total of 100pug of GK1.5 (anti CD4) or 2.43 (anti CD8) in 200l PBS Replacing the KDEL sequence of gp96 with the hinge, CH2 and
was administered by i.p. injection (32, 33). Depletion of CD4 and CD8CH3 domain of murine 1gG1 (Fig.a), an Ig isotype inefficient in

cells was verified by FACS analysis. CD4 or CD8 levels remained lowFC receptor binding, and transfection of the cDNA into tumor cells
(>95% depletion) for>2 wk following Ab injection (data not shown). For  resulted in the secretion of gp96-1g into the culture supernatant,
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Table I. Secretion of gp96-Ig into culture supernatdhts

1007
Gp96-1g/16 Cells 801
Cell Lines X 24 h (ng)
SCLC-2 140 % 607
SCLC-7 500 2
NIH3T3 500 8 40
EL4 160 8
E.G7 60 =]
P815 <5 g 20
LLC 70 =
B16F10 3128 Y
MC57 3,300 13° 104 150 10% 107 103 10% 105 106 107
Number of tumor cells inoculated
2Gp96-lg cDNA was expressed in a bovine papilloma virus-derived episomal
vector under the CMV or metallothioneine promoter.
b Metallothioneine promoter. 1007 C 007 D
80 Challenge with 80 Ch:::f:ge
E.G7 EL4
where it was quantitated by ELISA (Figb)L Protein A purified 601 60-
gp96-1g upon SDS-PAGE migrated with a major band of the pre-
dicted molecular mass of 120 kDa for the fusion protein and two 407 4
minor, higher molecular bands previously reported also for un-
modified gp96 (Fig. &) (10). Western blotting with a mAb specific & *°] 20
for gp96 confirmed the identity of the fusion protein. Only the & o i e i .
major band is stained, suggesting that the minor bands are glyco-§ °° ? 108107 02 408 ¢ 0% 108 106
sylation variants of gp96 not recognized by the Ab. £ o0 001
Secretion of gp96-1g resulted in its time-dependent, linear ac- § 1 E F
cumulation in the supernatant (Figd)1 Intracellular gp96-Ig was T 804 chanienge with 80 _
detected at a low and constant steady-state level in lysates of trans- Lc Chatlenge with
fected cells, indicating that it does not accumulate in the cell. 07 07
FACS analysis of membrane-intact, transfected tumor cells re- 10
vealed no staining with anti-mouse IgG above background, indi-
cating that the Ig moiety of the fusion protein is not displayed on 204 204
the outer leaflet of the plasma membrane (Fif). In contrast,
upon permeabilization of the membrane, gp96-lg is detected in- o — s ™ s %% v Pt S

tracellularly with a goat anti-mouse IgG Ab, but not by control
goat anti-rabbit IgG Abs (Fig.€). The transmembrane domain of o
gp96 does not interfere with the secretion of gp96-1g and does ndf!GURE 2. Decreased tumorigenicity of gp96-lg-transfected E.GY (

lead to intracellular accumulation. These data are consistent witf"d L-C ©). B, Gp96-Ig transfected)), mock transfected; andl, un-

. . L. ransf lls. Gr f six mi r r f inocul lIs.
previous reports suggesting that the transmembrane domain is ntg"f1 sfected cells. Groups o six mice were used per dose of ocu ated cells
—F, Secretory gp96-lg vaccination generates tumor-specific memory.

use_d for anchoring of gp96 '_n the membrane and that gp96 is Iqo(t;57BL/6 mice were immunized twice in biweekly intervals witt tp96-
an integral membrane protein (36). Ig-transfected E.G7M in all panels), with 18irradiated E.G7[(J), or not

All murine and human cell lines transfected with gp96-19 se-immunized ®). Two weeks later, mice were challenged (six mice per
creted the fusion protein (Table I). Mock-transfected cells did notgroup) with the number of tumor cells indicated in the panels. Mice not
secrete gp96-lg. E.G7 is an OVA transfectant of the EL4 lym-developing tumors were observed for 3 mo and then judged tumor free.
phoma forming lethal tumors in syngeneic C57BL/6 mice.
Gp96-lg transfection of E.G7 allows the determination whether
E.G7-gp96-Ig immunizes against the EL4 parent tumor in addition
to E.G7, the OVA surrogate Ag-transfected tumor. As second tudose of nonirradiated E.G7-gp96-Ig f)@hat was rejected. Sub-
mor, LLC transfected with gp96-Ig or with OVA was used be- sequently, they were challenged with untransfected or mock-trans-
cause, in contrast to E.G7, it is a nonhemopoietic, low-immunofected E.G7, parental EL4, untransfected LLC, and OVA-trans-
genic tumor. Both cell lines secrete comparable amounts ofected LLC (Fig. 2C—F). Mice immunized with irradiated E.G7 or
gp96-Ig (Table ). unvaccinated mice served as controls. E.G7-gp96-lg-immunized
mice resisted a 10-fold higher tumor challenge by E.G7 than mice
vaccinated with irradiated cells or unimmunized mice (Fig).2
Secretion of gp96-lg decreases the tumorigenicity of E.G7 inTumor growth in vaccinated mice was frequently delayed. The
C57BL/6 mice by>100-fold when compared with mock-trans- effect of immunization was even more pronounced when chal-
fected or untransfected E.G7. Subcutaneous inoculation of 10 millenged with EL4, allowing a fifty-fold dose increase of EL4 chal-
lion hsp-secreting tumor cells caused tumors in only 10% of thdenge compared with the controls (FigDR As expected, E.G7-
inoculated mice (Fig. &). A similar reduction of tumorigenicity gp96-lg immunization offered no protection against challenge with
by gp96-1g secretion was observed with transfected EL4 (data naintransfected or vector-transfected LLC (Fidge) 2while a mod-
shown). Gp96-1g secretion by LLC resulted in a more moderategerate,~3-fold, increase in protection was observed when OVA-
~5-fold, decrease of tumorigenicity (FigBR transfected LLC were used as challenge (FIg). Zhe strong pro-

To determine immunogenicity and immune memory responsedection of mice immunized with E.G7-gp96-lg against EL4
C57BL/6 mice were immunized twice at 2-wk intervals with a challenge may be due to multiple tumor Ags shared by E.G7 and

Number of Cells Used for Challenge

Secreted gp96-lg is responsible for decreased tumorigenicity



The Journal of Immunology 5181

EG7-gp96-Ig
A Depletion \L
Time line t } }
205 4o sovm B
207
’6 Azo PBS anti-CD8 anti-CD4 Carrageenan
g E CD4 ko
Ll =
£ 810 101
£
A /_\ /4 mice
T 1 T T
10 20 10 20 10 20 10 20 20 40
Day post Tumor Inoculation (EG7-gp96-1g)
EG7-gp96-19 pepietion
C immunization )
Challenge with EG7
Time line HAL' Tumor
o 14 2528 Day  growth
16 PBS | anti-CD8 anti-CD4 Carrageenan
S
o~ ] :
EE12 1 ]
4 ice 1 ; 6 mice
s ’5 mice | ] 5 mice y 3
o ¥
10 20 10 "20 10 20 10 20

Day post Tumor Challenge (EG7)

FIGURE 3. A, Effect of depletion of immunocompetent cells on the rejection SfE@G7-gp96-Ig during the priming phase; controls received PBS.
Tumor growth curves of individual mice are shown. The depletion schedule is shown schematically on top. Depletion of immunocompetent cells was done
with anti-CD8, anti-CD4, or Carrageenan 2 days prior to inoculation 8E£1G7-gp96-IgB, CD4-deficient mice can reject E.G7-gp-Ig. Five CD4-deficient

mice were challenged with unirradiated®I.G7-gp96-Ig s.c. Tumor growth was recorded, and the mean tumor diameter is re@pEédct of depletion

of immunocompetent cells on the effector phase of E.G7 rejection. The schedule of immunization and immunodepletion is shown schematically on the top
For immunization, 1®unirradiated E.G7-gp96-lg were inoculated twice s.c. into groups of six mice. Three days prior to challengé &itB Z,0mmune

cells were depleted as above; controls received PBS. Tumor growth was recorded and is reported as mean tumor diameter.

EL4. The weak protection against challenge with LLC-OVA de- periments cannot rule out a role for APCs in the gene-ration of
pends on T cells recognizing a single or limited number of epitope<CD8 CTL.

derived from the OVA surrogate Ag for T cell recognition. To study the effector phase of tumor rejection, mice were im-
S o munized twice at 14-day intervals with live E.G7-gp96-lg. Eleven
CD8 cells are required in the priming and effector phase days later (day 25), immune cells were depleted, and after 3 days

The involvement of immune mechanisms in the rejection of E.G7-the mice were challenged with untransfected E.G7. Only CD8 cells
gp96-Ig was further examined by in vivo depletion/inactivation of are required in the effector phase; depletion of CD4 cells or Car-
immunocompetent cells. It has been reported that Meth A tumorfageenan inactivation of macrophages had no influence on E.G7
derived gp96 requires CD4 cells, CD8 cells, and macrophages foiejection in the effector phase (FigCB
effective immunization, while immunization with irradiated Meth A
tumor cells required CD4 and CD8 cells but no macrophages (3).. .
For priming one million unirradiated, live E.G7-secreting Discussion
gp96-lg were inoculated s.c. This dose is sufficient to establistDeletion of the endoplasmic retention signal of gp96 and replace-
tumors that grow to a mean diameter of about 8 mm, subsequentijent with the Fc portion if IgG1 readily results in the secretion of
shrink, and are rejected. Tumor rejection is blocked in mice treatedp96-lg, which appears to be dimerized through the IgG1 H chain.
with the anti-CD8 Ab 2.43, either 2 days before (Fig\) ®r up to E.G7-secreted gp96 is able to provide long-lasting specific immu-
3 days after tumor inoculation (not shown). The anti-CD4 Ab nity, suggesting that it chaperons tumor peptides. In contrast, ir-
GK1.5 had no effect on tumor rejection (Figh¥egardless of time  radiated or mock-transfected E.G7 are not able to provide protec-
of injection, even though it completely depleted CD4 cells¥dr tive immunity. Corynebacterium parvuralso failed to serve as
days (data not shown). CD4-deficient mice were able to rejecadjuvant for E.G7 immunization (37). Secreted gp96-Ig provides
E.G7-gp96-Ig (Fig. B), supporting the importance of CD8 cells. immunologic specificity for both the surrogate Ag OVA and other
E.G7 not secreting gp96-lg forms tumors in untreated and im-EL4 Ags, but does not cross-immunize to LLC-derived tumor Ags.
mune-depleted mice. Carrageenan, known to inactivate macro- The data are consistent with the explanation that peptides asso-
phages in vivo (34), had no effect on tumor rejection. However,ciated with secreted gp96-Ig are transferred to and presented by
because the effect of Carrageenan is difficult to assess, these eslass | MHC and stimulate a tumor-specific CDETL response
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causing tumor rejection. The CD8 response appears to be inde4.

pendent of CD4 help and does not require macrophages. Whether

the cellular requirements are due to gp96-lg dimerization is notg

known.

It is instructive to compare the mechanisms of immunization by
purified tumor-derived gp96 and by tumor-secreted gp96-Ig.
Udono et al. (32), using gp96 purified from Meth A tumor cells for
immunization, reported a requirement for CD8 cells and macro-
phages in the priming phase and a requirement for CD4 and CD

cells as well as macrophages in the effector phase of tumor rejegs.

tion of Meth A tumors. Immunization with irradiated Meth A tu-

mors required CD4 cells in the priming phase, and both CD4 anq
CDS8 cells in the effector phase. Irradiated EG7 do not produce
immunity against subsequent challenge. The dramatic effect of tu-

mor-secreted gp96-Ig is entirely dependent on CD8 cells without-

CD4 help. CD8 cells are required in the priming and effector phase
of the CTL response to the tumor. Macrophages appear not to be

needed. The role of dendritic cells or other APCs in the presenta?l:

tion of gp96-chaperoned peptides to CD8 cells is not known, but

remains a possibility. It is also possible that gp96-Ig-secreting EG22.

stimulate CD8 cells directly.
Regardless of the underlying mechanism, tumor-secreted,
gp96-1g is a powerful vaccine for some tumors. The precise mech-

anism CD8 CTL activation by tumor-secreted gp96-Ig and its ac-24.

tion in different tumors remains to be determined.

25.
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