~N O

10.

11.

14.

15.

16.

17.

18.
19.

20.

21.

22,

. M. Zasloff, Proc. Natl. Acad. Sci. U.S.A. 80, 6436
(1983).

. J. Hamm and |. W. Mattaj, Cell 63, 109 (1990).

. J. A. Tobian, L. Drinkard, M. Zasloff, ibid. 43, 415
(1985); M. Zasloff, M. Rosenberg, T. Santos, Na
ture 300, 81 (1982); M. Zasloff, T. Santos, D. H.
Hamer, ibid. 295, 533 (1982); T. Santos and M.
Zasloff, Cell 23, 699 (1981).

. U. Guddat, A. H. Bakken, T. Pieler, Cell 60, 619
(1990).

. R. Singh and M. R. Green, unpublished data.

. Abbreviations for the amino acid residues are: A,
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His;
I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

. A. Hanauer and J. L. Mandel, EMBO J. 3, 2627
(1984).

. The 37-kD protein was recognized by a polyclonal

antibody to GAPDH, and, as determined by glyc-

erol gradient sedimentation, the apparent molec-
ular mass (130 to 140 kD) of the tRNA binding
activity (6) was identical to that of the native
tetramer of GAPDH [J. M. Bode, M. Blumenstein,

M. A. Raftery, Biochemistry 14, 1146 (1975)].

R. C. Bentley and J. D. Keene, Mol. Cell. Biol. 11,

1829 (1991); P. D. Zamore, J. G. Patton, M. R.

Green, Nature 355, 609 (1992).

M. G. Rossmann, A. Liljas, C. |. Branden, L. J.

Banaszak, in The Enzymes, P. D. Boyer, Ed.

(Academic Press, New York, 1976), pp. 62-102.

. J. D. Dignam, R. M. Lebovitz, R. G. Roeder,
Nucleic Acids Res. 11, 1475 (1983).

. GAPDH has also been localized in the nuclei of

oligodendrocytes [G. Morgenegg et al., J. Neuro-

chem. 47, 54 (1986)], yeast cells [E. Van Tuinen

and H. Reizman, J. Histochem. Cytochem. 35,

327 (1987)], and endothelial cells [P. Hodor and

C. Heltianu, Microcirc. Endothelium Lymphatics 5,

485 (1989)], human cells [B. L. Cool and M. A.

Sirover, Cancer Res. 49, 3029 (1989)], and Xeno-

pus laevis oocytes (6). We verified the nucleolar

exclusion by GAPDH (Fig. 4) by double staining
with an antibody to GAPDH and an antibody to the
nucleolar protein B23.

P. D. Zamore, M. L. Zapp, M. R. Green, Nature

348, 485 (1990).

G. Eriani, M. Delarue, O. Poch, J. Gangloff, D.

Moras, ibid. 347, 203 (1990); class | synthetases

contain the Rossmann fold, display two short

consensus sequences (HIGH and KMSKS) (7),

and catalyze acylation on the 2’ OH of tRNA,

whereas class |l synthetases do not contain the

Rossmann fold, display three consensus se-

quences (motifs 1, 2, and 3), and catalyze acyla-

tion on the 3’ OH of tRNA.

M. A. Rould, J. J. Perona, D. Sdll, T. A. Steitz,

Science 246, 1135 (1989).

GAPDH interacts with microtubules [P. Huitorel

and D. Pantaloni, Eur. J. Biochem. 150, 265

(1985)] and cell membranes [R. W. Allen, K. A

Trach, J. A. Hoch, J. Biol. Chem. 262, 649 (1987)],

facilitates triad junction formation [A. H. Caswell

and A. M. Corbett, ibid. 260, 6892 (1985)], acts as

a protein kinase [R. M. Kawamoto and A. H.

Caswell, Biochemistry 25, 656 (1986)], possesses

a uracil DNA glycosylase activity [K. Meyer-Sieg-

ler et al., Proc. Natl. Acad. Sci. U.S.A. 88, 8460

(1991)], and binds nonspecifically to poly(U) and

to single-stranded DNA or RNA [M. Perucho, J.

Salas, M. L. Salas, Eur. J. Biochem. 81, 557

(1977); R. L. Karpel and A. C. Burchard, Biochim.

Biophys. Acta 654, 256 (1981); A. G. Ryazanov,

FEBS Lett. 192, 131 (1985)].

R. A. Akins and A. M. Lambowitz, Cell 50, 331

(1987).

T. A Rouault et al., ibid. 64, 881 (1991); S. Kaptain et

al., Proc. Natl. Acad. Sci. U.S.A. 88, 10109 (1991).

K. 8. Tung, L. L. Norbeck, S. L. Nolan, N. S.

Atkinson, A. K. Hopper, Mol. Cell. Biol. 12, 2673

(1992).

R. A. Borer, C. F. Lehner, H. M. Eppenberger, E.

A. Nigg, Cell 56, 379 (1989); K. Martin and A.

Helenius, ibid. 67, 117 (1991); S. Pifiol-Roma and

G. Dreyfuss, Nature 355, 730 (1992).

L. McAlister and M. J. Holland, J. Biol. Chem. 260,

15013 (1985).

368

23. W. R. Folk and H. Hofstetter, Cell 33, 585 (1983).

24, T. Lin and R. W. Allen, J. Biol. Chem. 261, 4594
(1986).

25, 32P-labeled probes for RNA binding experiments
were synthesized in vitro in transcription reactions
that contained plasmid DNAs encoding wild-type
tRNAMet or tRNA mutant genes (4, 23). Reaction
mixtures (40 wl) containing 2 wg of plasmid DNA, 7.5
mM MgCl,, 6 mM (each) adenosine triphosphate,
guanosine triphosphate, and cytidine triphosphate,
60 pM uridine triphosphate (UTP), [a-32P]UTP (0.5
wCi/ul), 1 pl of RNasin, and 25 ul of Hela cell
nuclear extract were incubated for 3 hours at 30°C.
For gel mobility-shift assays, the 32P-labeled RNAs
were purified and incubated with various chromato-
graphic fractions in a reaction mixture (20 ul) that
contained 7.5 mM MgCl,, 1 pl of RNasin, 200 ng of
55 ribosomal RNA, and 12.5 pl of protein fraction in
buffer D [20 mM Hepes (pH 8.0), 20% glycerol, 0.2
mM EDTA, 0.5 mM dithiothreitol, and 0.5 mM phe-
nylmethylsulfony! fluoride] at 30°C for 20 min. The
RNA-protein complex was resolved on a 5% native
polyacrylamide gel (60:1 acrylamide:bisacryla-
mide), and autoradiography was done at —70°C
with intensifying screens. For protein purification, a
Hela cell nuclear extract (72) was fractionated
through a series of columns (Fig. 1A) that were
preequilibrated with buffer D containing 0.1 M KCI.
The samples were loaded onto these columns in

buffer D containing 0.1 M KCl and eluted with buffer
D containing the molar KCI concentrations indicated
in Fig. 1A.

26. D. A. Melton et al., Nucleic Acids Res. 12, 7035
(1984).

27. J. R. Sampson, A. B. DiRenzo, L. S. Behlen, O. C.
Uhlenbeck, Biochemistry 29, 2523 (1990).

28. Hela cells were washed in phosphate-buffered
saline (pH 7.4) and fixed in methanol and acetone
at —20°C. Indirect immunofluorescence was per-
formed with a polyclonal antibody to GAPDH (24)
or a monoclonal antibody to B-tubulin and fluores-
cein-conjugated secondary antibodies. Cells
were examined in a Zeiss Axiophot epifluores-
cence microscope and photographed with Ek-
tachrome 400 film (Kodak).

29. We thank M. Zasloff, W. R. Folk, O. C. Uhlenbeck,
Y. Yuan, and S. Altman for tRNA constructs; R. W.
Allen for antibody to GAPDH; R. Singer for anti-
body to B-tubulin; R. Reddy for HelLa cell tRNAs
and helpful discussions; O. C. Uhlenbeck for ad-
vice and encouragement; J. Valcarcel and S. Gup-
ta for discussions; members of M.R.G.’s laboratory
for comments on the manuscript; and T. O'Toole
for secretarial assistance. Supported by a grant
from NIH (GM35490) to M.R.G., and by a fellow-
ship from the Leukemia Society of America to R.S.

14 July 1992; accepted 29 October 1992

Tumor Rejection After Direct Costimulation of
CD8™" T Cells by B7-Transfected Melanoma Cells

Sarah E. Townsend and James P. Allison*

A variety of tumors are potentially immunogenic but do not stimulate an effective anti-tumor
immune response in vivo. Tumors may be capable of delivering antigen-specific signals
to T cells, but may not deliver the costimulatory signals necessary for full activation of T
cells. Expression of the costimulatory ligand B7 on melanoma cells was found to induce
the rejection of a murine melanoma in vivo. This rejection was mediated by CD8* T cells;
CD4+ T cells were not required. These results suggest that B7 expression renders tumor
cells capable of effective antigen presentation, leading to their eradication in vivo.

T cells recognize processed peptide anti-
gens complexed with molecules of the ma-
jor histocompatibility complex (MHC) (1-
4). However, recognition of antigen by the
T cell antigen receptor (TCR) is not suffi-
cient for activation; a second costimulatory
signal is required (5). The costimulation
results from an interaction of the CD28
molecule on the T cell surface with its
ligand, B7, on the surface of an antigen-
presenting cell (APC) (6-12). The expres-
sion of B7 is generally limited to “profes-
sional” APCs: macrophages, dendritic
cells, and activated B cells (7, 13, 14).
Most epithelial cells do not express B7.
One possibility to account for the tumori-
genicity of MHC-expressing tumors is that
despite presentation of potentially immuno-
genic peptides in the context of MHC
molecules, tumors may lack the costimula-
tory molecule, B7, and thus fail to elicit an
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effective anti-tumor T cell response (15—
20). We now show that provision of co-
stimulatory activity can lead to tumor re-
jection in vivo, and that this strategy by-
passes the need for exogenous help from
CD4* T cells by directly activating CD8*
T cells.

The murine melanoma cell line K1735
expresses both MHC class I and class II
molecules and stimulates a specific, but
ineffective, immune response in vivo (21,
22). K1735 cells did not provide costimu-
lation to T cells in a standard in vitro
costimulation assay (below). In initial ex-
periments to test the importance of costim-
ulation in the generation of an anti-tumor
response, monoclonal antibody (MAD) to
CD28 was used as an exogenous source of
costimulatory activity (23). Fragments of
K1735 solid tumors raised in athymic mice
were implanted subcutaneously (s.c.) into
syngeneic C3H/HeN mice. The mice were
treated with repeated intraperitoneal injec-
tions of MAb to CD28 (ascites). Treatment
with anti-CD28 slowed the growth of the
melanoma (Fig. 1). Although complete



Fig. 1 (left). Treatment 2251 5 Gontrol MAD 30,0001 4 g7k1735
with anti-CD28 slowed © Anti-CD28 . a V-K1735
the growth of a melano- 169 E22,425 o K1735
ma in vivo. A solid tumor =

of the K1735 melanoma -514,850

was raised in a C3H/

HeN mouse (Fredrick

Cancer Research Cen- vy

ter, NCI-NIH). Two frag- % 5 1%
ments (~1 mm?3 each) of
this tumor were implant-
ed s.c. in the backs of groups of five female C3H/HeN mice, 8 to 10 weeks old. These mice received
six 50-pl intraperitoneal injections of either anti-CD28 ascites or an irrelevant hamster ascites as
indicated by arrows. Bisecting tumor diameters were measured blindly on coded treatment groups.
The final tumor size of euthanized mice, to a maximum of 200 mm?2, was included in data calculation
for subsequent time points. Error bars represent standard deviation. Experiment shown is
representative of two separate experiments, using a total of ten mice in each treatment group.
Fig. 2 (right). B7-K1735 provided costimulation to T cells in vitro. K1735 cells were transfected
by electroporation with an expression vector (35) containing cDNA encoding murine B7 (7) or
with the vector alone. Drug-resistant cells were cloned by limiting dilution and surface expression
of B7 on expanded clones was verified by flow cytometry, using the B7-binding fusion protein,
CTLA4-Ig (36). Lymph node T cells from C3H/HeN mice were partially purified by panning twice
on plastic plates coated with goat antibody to mouse immunoglobulin, then cultured in complete
media (RPMI, supplements, and antibiotics) at 37°C on plates coated with a suboptimal
concentration (1 pg/ml) of anti-CD3 (MAb 500A2) in the presence of titrated numbers of
irradiated B7-K1735, V-K1735, or K1735 cells. Cultures were pulsed with [H]thymidine (Amer-
sham) after 48 hours and harvested after 18 hours. Proliferation in response to anti-CD3 alone
was 549 cpm. Proliferation of T cells and tumor cells in the absence of anti-CD3 has been
subtracted from presented values. Values represent averages of triplicate cultures that varied by
no more than 25%.
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Fig. 3. Growth of K1735 1201 p

transfectants in  C3H/HeN 100 B
mice. Solid tumors were & 80

raised in BALB/c nude mice E

(Simonsen, Gilroy, California) & 60 ® B7-K1735
from cell suspensions and & 40 © V-K1785
maintained by serial pas- E 20

sage. Two tumor fragments = 0 —e

(=1 mm3) were implanted 20

b
0 10 20 30 40 50 60 110 120 10 20 30 40 50 60
Days after implantation

s.c. in the backs of groups of
ten C3H/HeN mice. (A) Aver-
age tumor size of B7-K1735
and V-K1735 implanted mice. Error bars represent standard deviation. (B) Growth of ten individual
B7-K1735 tumors; six of the ten tumors did not grow. The final tumor size of euthanized mice, to a
maximum of 100 mm?, was included in data calculation for subsequent time points. Data shown are
representative of three separate experiments; a total of 25 mice implanted with each tumor were
used.

rejection was not obtained, these results
suggest that provision of costimulation can
enhance an anti-tumor immune response.

In order to confer costimulatory capaci-
ty, we transfected K1735 cells with an
expression vector containing murine cDONA
encoding B7 [B7-K1735;(7)] or with the
vector alone (V-K1735). The ability of
B7-K1735 cells or V-K1735 cells to provide
costimulation to T cells stimulated with
MADb to CD3 was tested in vitro in a
standard costimulation assay. The B7-ex-
pressing transfectant, but neither the con-
trol transfectant nor the parental K1735
cells, was effective in providing costimula-
tion to T cells (Fig. 2).

Both B7-K1735 and V-K1735 tumors
were equally tumorigenic in athymic nude
mice, demonstrating that these lines are
not growth-impaired in vivo in the absence
of T cells. However, in intact syngeneic
C3H/HeN mice, fragments of V-K1735 tu-
mors grew aggressively, whereas B7-K1735
tumor fragments grew poorly (Fig. 3A). By
day 38, 50% of the mice bearing V-K1735
tumors were euthanized because of large or
ulcerated tumors, and all mice were eutha-
nized by day 53. In contrast, after 120 days,
all mice implanted with B7-K1735 ap-
peared healthy and.all tumors had either
disappeared (9/10) or become static (1/10).
In the minority of mice in which B7-K1735
tumors appeared, the tumors regressed over
time (Fig. 3B); this suggests that an active
process in vivo prevents sustained growth in
C3H mice.

We next sought to determine whether
rejection of B7-K1735 resulted in protec-
tion against subsequent challenge with the
B7-negative tumor (V-K1735). C3H/HeN
mice were implanted with B7-K1735 frag-
ments and on day 25 after implantation
were challenged subcutaneously with frag-
ments of V-K1735. Prior exposure to B7-
K1735 protected 89% of mice against

220, A B c
100 - o Control MAb © Control MAb o Control MAb

Ea0 T 162] © anti-CD4+ @ anti-CD8 ppariya
El E anti-CD8
,§ 60 o Naive § 105
£ 40 o B7-K1735-treated -g-
g s a7
g2 =

0 -10
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Days after rechallenge

Fig. 4. Exposure to B7-K1735 protected
against subsequent challenge with V-K1735.
C3H/HeN mice were implanted s.c. with frag-
ments of B7-K1735. On day 25 after implan-
tation, nine treated and five naive mice were
implanted s.c. in the back at a distant loca-
tion with fragments of V-K1735. Data shown
are representative of two experiments; a total
of 19 mice implanted with B7-K1735 were
used.

Days after implantation

Fig. 5. Growth of B7-K1735 in mice depleted of T cell subsets. (A) Average tumor size in mice
treated with both anti-CD4 and anti-CD8 (eight mice) or a control antibody (ten mice). (B) Average
tumor size in mice treated with anti-CD8 (ten mice). (C) Average tumor size in mice treated with
anti-CD4 (eight mice). C3H/HeN mice were injected on three successive days with ammonium
sulfate—purified ascites preparations of anti-CD4 (MAb GK1.5, 0.2 mg per injection), anti-CD8 (MAb
53.672, 0.5 mg per injection), a combination of anti-CD4 and anti-CD8 (total of 0.7 mg per injection),
or an isotype-matched, nonreactive control (MAb 2.43, 0.7 mg per injection). Three days after the
last injection, depletion of each subset (>99%) was verified by flow cytometry analysis of peripheral
blood lymphocytes. Fragments of B7-K1735 were implanted s.c. and antibody injections were
continued every 4 to 7 days. Error bars represent standard deviation.
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growth of V-K1735 for 90 days, whereas
tumors appeared in 80% of naive mice by
day 18 (Fig. 4). Thus, B7-K1735 can effec-
tively prime for a response against challenge
by the control V-K1735, which demon-
strates that B7-K1735 and V-K1735 are
immunologically cross-reactive. This sup-
ports the notion that the costimulatory
activity provided by the B7 gene product is
the functionally important difference be-
tween these tumors.

In order to directly test whether CD4*
T cells, CD8" T cells, or both subsets were
responsible for the rejection of B7-K1735,
mice were depleted of CD4* cells, CD8*
cells, or both, by antibody treatments in
vivo before implanting B7-K1735. As ex-
pected, B7-K1735 tumors grew aggressively
in mice depleted of both CD4* and CD8*
T cells, demonstrating that T cells are
responsible for rejection of B7-K1735 in
intact mice (Fig. 5A). Growth of B7-K1735
was greatly enhanced in CD8-depleted
mice relative to nondepleted mice, demon-
strating that CD8™ cells are required for the
rejection of B7-K1735 (Fig. 5B). In con-
trast, tumor growth was only slightly en-
hanced in CD4-depleted mice, demonstrat-
ing that CD4* cells are not necessary for
rejection (Fig. 5C). These results demon-
strate that “help” from CD4* cells does not
seem to be necessary for the induction of
CD8* activity in this system, and that
CD8™ cells are primarily responsible for the
rejection of B7-K1735.

Exogenous help by CD4* T cells can
augment a cytotoxic T lymphocyte (CTL)
response  (24-27). However, effector
CD8* CTL can be generated in the ab-
sence of CD4* cells, provided that acces-
sory cells are present (28-31). We have
found that costimulation provided by the
B7-CD28 interaction allows the genera-
tion of allogeneic CTL from naive precur-
sors in the absence of CD4" cells, and
that costimulation is not required for ef-
fector function (12). The results presented
here are consistent with these observa-
tions. The lack of growth of the B7-K1735
tumor in CD4-depleted mice and the
growth in CD8-depleted mice suggests
that B7 can directly costimulate CD8* T
cells in vivo, independent of the presence
of CD4* T cells. In addition, the protec-
tion conferred by the B7-K1735 tumor to
subsequent challenge by V-K1735 suggests
that the expression of B7 is not necessary
for killing in vivo.

We have shown that provision of co-
stimulation by surface expression of B7
provides protection against the growth of a
melanoma in vivo. This protection is me-
diated primarily by CD8" T cells, which
can function in the absence of help from
CD4+ cells. Other studies have focused on

boosting anti-tumor immune responses by
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providing “help” in the form of lympho-
kines normally produced by CD4" T cells
(32-34). Manipulation of costimulation
offers another strategy for tumor immuno-
therapy. Direct activation of CTL by tu-
mors with appropriate costimulation may
“jump-start” the anti-tumor response by
bypassing the need for exogenous help,
which could lead to a faster, more effective
anti-tumor response in situ. This may
provide a means to elicit effective CTL
responses to established tumors in the
immunotherapy of primary or metastatic
disease.
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Cyclic ADP-Ribose in Insulin Secretion from
Pancreatic 3 Cells

Shin Takasawa, Koji Nata, Hideto Yonekura, Hiroshi Okamoto*

Inositol 1,4,5-trisphosphate (IP;) is thought to be a second messenger for intracellular
calcium mobilization. However, in a cell-free system of islet microsomes, cyclic adenosine
diphosphate—ribose (cCADP-ribose), a nicotinamide adenine dinucleotide (NAD*) metabolite,
but not IP,, induced calcium release. In digitonin-permeabilized islets, cADP-ribose and
calcium, but not IP;, induced insulin secretion. Islet microsomes released calcium when
combined with the extract from intact islets that had been incubated with high concentrations
of glucose. Sequential additions of cCADP-ribose inhibited the calcium release response to
extracts from islets treated with high concentrations of glucose. Conversely, repeated ad-
ditions of the islet extract inhibited the calcium release response to a subsequent addition
of cADP-ribose. These results suggest that cADP-ribose is a mediator of calcium release
from islet microsomes and may be generated in islets by glucose stimulation, serving as a
second messenger for calcium mobilization in the endoplasmic reticulum.

Gilucose is the primary stimulus of insulin
secretion and synthesis from the pancreatic
islets of Langerhans (I, 2). Increases in
intracellular Ca?* concentration mediate
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the biochemical events that couple glucose
stimulation to insulin secretion by the is-
lets, and mobilization of Ca?* from intra-
cellular stores in the endoplasmic reticulum
is important in this process (3). It has been
thought that IP, is a second messenger for
Ca?* mobilization from intracellular stores
(4). However, some aspects of agonist ac-





