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ABSTRACT

Although numerous studies have documented a role for B7-1 (CD80) in

the induction of antitumor < TI, immunity, it is presently unclear to what
extent expression of this costimulatory molecule truly endows tumors with
significant in vivo APC (antigen-presenting cell) capacity. Recent studies
have, in fact, demonstrated that cross-priming, rather than direct prim
ing, may constitute the major mechanism of CTL induction by B7-1

expressing tumors. We have, therefore, investigated the requirements for
antigen density and costimulatory molecules in direct CTL priming with
a prototype cell-based vaccine that uses a signal sequence-containing
minigene to direct expression of a tumor-specific CTL epitope to the

endoplasmic reticulum. This design limits sources of antigen available to
professional APC in the host and, thereby, the contribution of cross-

priming. Induction of antitumor CTL immunity by our prototype APC
was shown to solely involve direct priming, independent of host APC,
NK1.1+ cells, and CD4+ T cell help. CTL induction through this mecha

nism required the engineered APC to express the B7-1 molecule as well as

a sufficiently high density of peptide/MHC complexes at its surface. Our
data, in contrast to previous studies using modified tumor cells, clearly
define the antigenic and costimulatory requirements for a suitably engi
neered "artificial" APC to directly prime peptide-specific CTL in vivo,

and demonstrate that the signal sequence minigene approach allows the
engineering of highly effective and well-defined cellular vaccines for ac

tivation of CTL against epitopes of choice.

INTRODUCTION

Recent advances in our understanding of events leading to T cell
activation allow the development of novel approaches to immunother-
apy. These are especially important for the rational design of epitope-

focused vaccines capable of inducing potent CTL responses to spe
cific antigenic determinants. Engineered cells capable of direct
priming may prove useful in this regard by allowing manipulation of
key aspects of antigen presentation, such as epitope choice, antigen
density, and selection of cytokine and costimulatory molecules, to
favor the induction of potent CTL responses. An important step
toward this goal is to determine the in vivo cellular requirements for
efficient direct priming of epitope-specific CTL by an engineered
nonprofessional APC3.

The majority of studies addressing this issue using tumors trans-

fected with various costimulatory molecules have concluded that
CD80/CD86 (B7-1/B7-2) are the most potent in inducing rejection of
modified tumors offered as live vaccines. With intrinsically immuno-
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genie tumors, rejection of B7-modified tumor cells was shown to
result in priming of tumor-specific CTL (1). Because antitumor CTL
immunity is also induced by B7 + tumors in mice depleted of CD4+

cells, it seems that interaction of B7-molecules with its ligand CD28

on CTL allows CTL priming in the absence of exogenous help (2, 3).
Although these results were first interpreted as showing that B7
expression allows the tumor to directly prime CTL, subsequent ex
periments have shown that "cross-priming" of CTL by bone marrow-

derived host APC represents an important mechanism of CTL induc
tion by B7-1-expressing tumors (4, 5). Several studies have now
indicated that B7-1 expression by tumors can mediate their direct

lysis by NK cells, conceivably leading to increased release of tumor
antigens (6-10). Thus, the enhanced immunogenicity of B7-trans-

fected tumors seems to depend less on their ability to directly stim
ulate naive CTL than on their ability to enhance the availability of
antigen to host APC for cross-priming.

The focus of the present study was to determine the antigenic and
costimulatory requirements for engineering a nonprofessional APC to
activate peptide-specific CD8+ CTL responses through direct prim
ing. The tumor-specific H-2Dh-restricted EIA214*243 peptide from

human Ad5 EIA protein was selected as a model epitope. This peptide
can serve as a potent target for tumor-specific CTL in the eradication
of Ad5-transformed tumors, although it is does not contribute signif

icantly to the antitumor CTL response induced by vaccination with
El-transformed cells (11, 12). Additionally, previous work has shown
that immunization with EIA234"243 as a synthetic peptide deletes

rather than primes specific CTL, whereas immunization with dendritic
cells loaded with the same peptide does induce this CTL response (13,
14). These observations underscore the importance of defining the
presentation context for the induction of CTL immunity against this
epitope. The amount of antigen available to cross-priming host APC
was minimized by using a signal sequence-containing minigene that
directs expression of the minimal EIA234"243 peptide epitope to the
endoplasmic reticulum. This "prototype" APC was subsequently su-

pertransfected with genes encoding the potent costimulatory molecule
B7-1 and/or the ICAM-1. Analysis of the CTL responses of mice

receiving injections with the resulting APC panel showed that induc
tion of CTL immunity by these engineered APCs is indeed mediated
by direct priming and that in this setting not only B7-1, but also the

density of antigenic peptide/MHC complexes, play a crucial role in
the induction of peptide-specific CTL responses by engineered APC.

Our data as such provide essential knowledge for the rational design
and construction of APC capable of directly priming CTL against
epitopes of choice.

MATERIALS AND METHODS

Mice and Cell Lines. C57BL/6 (B6 Kh, H-2") mice were obtained from

the Netherlands Cancer Institute (Amsterdam). Male mice, 6-10 weeks of age,

were used for all in vivo experiments. All cell lines and bulk splenocytes were
cultured in Iscoves MDEM media. The MEC-I cell line was derived from in

vitro culture of adherent cells from day 11 postimplantation C57BL/6 embryos.

Transfectant clones were selected in media containing 250 /xg/ml Hygromycin
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B (Boehringer Mannheim). The El A/El B MEC (l 1) and ElA+ra.v MEC (13)
and ElA/ElB+ras transformed MEC (15) have been described previously.

Genetic Constructs and Transfections. The pSigEl A2*4 243plasmid was

constructed by ligation of a double stranded oligonucleotide containing BamHl
and Sail compatible ends into a BamHl and SalÃ¬digested variant of the
eukaryotic expression vector pDR2 (Clontech Laboratories, Inc.), which has
been modified by disruption of the Swal site. The sequence of the coding
strand of the inserted oligonucleotide is: 5'-GATCCCCACCATGAGGTA-

CATGATTTTAGGCTTGCTCGCCCTTGCGGCAGTCTGCAGCGCGGCC-
GCACCATAACGGCCGCCACCGCATAAATGTCGA3'. This created the

vector pSPCV, which contains the signal sequence of the adenovirus E3/19K

protein followed by a unique Noti site, a short stuffer sequence and a unique
Swa I site. For the creation of pSigElA234'243, the oligonucleotide: 5'-

GGCCTCCGGTCCTCTAACACACCTCCTGAGATAT-3' was ligated into

Not\ and Swal-digested pSPCV. This yielded a minigene in which the codons
of the EIA234"243 peptide are preceded in frame by those of the signal

sequence. An in-frame termination codon (TAA) was created at the 3' end of

the oligo upon ligation to the Swal-cut vector terminus. The expected sequence
of the minigene translation product, with the 234-243 epitope underlined, is

MILGLLALAAVCSAASGPSNTPPEI.
To clone the murine B7.1 and ICAM-1 cDNAs, total cytoplasmic RNA

from lipopolysaccharide-activated B6 spleen cells was reverse-transcribed into

cDNA and amplified by PCR using specific oligonucleotides. The following
PCR primers were used: B7.1 sense 5'-CCATCGGAGCTCCAAAGCATCT-
GAAACCATGGCT-3'; B7.1 antisense 5'-CAGAGAATTCCTAAAGGAA-
GACGGTC-3': ICAM-I, sense 5'-CTAGGAATTCGCCCTGGCCCTG-
CAATG-3'; ICAM-1 antisense, 5'-AGGAGTCGGATCCAGCAGGCTCAG-

3'. The PCR products were subcloned in Bluescript SK-vectors and sequenced.

The B7.1 cDNA was subcloned to the pCDNAl/Neo vector (Invitrogen), and
the ICAM-1 cDNA was subcloned in pCEP4 vector (Invitrogen). The murine
H-2Db gene was obtained from R. Flavell (Yale University) and was cloned

into pcDNA/Amp (Invitrogen).
Transfections were performed by using calcium-phosphate precipitation.

Cells (5 X IO4) were transfected in 5-cm dishes with 10 ^g of plasmid

DNA/dish. Cells were shocked with 10% DMSO in PBS after 4-6 h. The

following day, the appropriate antibiotics (250 /Â¿g/mlG418 or Hygromycin B)
were added to the transfected cells. Resistant cells expressing the transfected
gene products were isolated as clonal foci. Screening for pSigElA234"243

expression was performed using the T cell activation assay as described below.
Expression of transfected B7.I and ICAM-1 molecules was detected by flow

cytometry.

Immunizations and Evaluation of CTL Activity. Mice received an i.p.
injection of one million of the various APCs in 0.2 ml PBS. Two weeks later,
spleen cell suspensions were prepared and cocultivated for 5 days at 5 X IO6/
well with mitomycin C-treated, -y-irradiated (5,000 rad) SAM cells (5 X IO5/

well) in 24 well plates. Bulk-cultured splenocytes were then tested for cell-
mediated lymphocyte cytotoxicity in an europium (Eu3+) release assay as

described previously (15). Briefly, varying numbers of effector cells were
added to 2 X IO3 Eu3+-labeled target cells in 0.15 ml of culture medium in

96-well U-bottomed plates. After a 4-h incubation at 37Â°C,supernatants were

collected and mixed with Enhancer solution (Wallac. Turku. Finland). Meas
urement of the samples was performed using a 1234 DÃ©ifiafluorometer
(Wallac). The mean percent specific lysis of triplicate wells was calculated as:
specific lysis = [(cpm experimental release-cpm spontaneous release)/(cpm

maximum release/cpm spontaneous release)] X 100.
Generation of ElA234-243-specific LacZ Hybridoma and T Cell Activa

tion Assays. The isolation of the ElA234~243-specific CTL clone 5 and the

production of LacZ inducible T cell hybridomas have both been described (11,
16). The ElA234~243-specific hybrid used in this study was subcloned from a

positive well before use in T cell activation assays. T cell activation assays
were performed by overnight coculture of graded numbers of APC with
5 X IO4 of this hybridoma in 0.2 ml of medium in 96-well plates before

measurement of lacZ activity. After activation, total lacZ activity in individual
cultures was measured by lysing cells in 0.1 ml of Z buffer (100 mM 2-
mercaptoethanol, 9 mM MgCl,, 0.125% NP-40 in PBS) containing 0.15 mM
chlorophenol red ÃŸ-galactoside (Calbiochem). After a 4-h incubation at 37Â°C,

50 p.\ of stop buffer (300 mM Glycine and 15 mM EDTA in water) was added
to each well and the absorption was read using a 96-well plate reader.

Absorption wavelengths used for chlorophenol red /3-galactoside were 595 nm

with 635 nm as the reference wavelength.
Peptides and mAbs. Peptides were generated by solid phase synthesis on

an ABIMED 422 synthesizer (ABIMED. Langenfeld, Germany) as described
previously (17). Peptides were stored dry at â€”¿�70Â°C.For detection of surface

expression by cytofluorotometry. the following antibodies were used: murine
ICAM-1; mAb YN1.1/1.7.1 (American Type Culture Collection); murine
B7.1:CTLA4-immunoglobulin (kindly provided by Dr. Peter Linsley, Bristol-
Meyers Squibb, Seattle, WA): H-2Db: mAb 28-14-8 s (American Type

Culture Collection).
Reconstitution of BALB/c SCID Mice with Splenic Lymphocytes from

(C57BL/6 x BALB/c)F, (H-2b x d) Mice. BALB/c SCID (H-2d) mice. 4-8
weeks of age. were reconstituted with 7-9 X IO7 lymphocytes prepared from

(C57BL/6 X BALB/c)F, mice by passing single-cell suspensions of spleno
cytes over a nylon-wool column followed by two cycles of 45-min plastic-
adherence. The nonadherent cell fraction contained >95% CD3+ T cells
(approximately 1:2 ratio of CD8+/CD4+ cells) with <5% immunoglobulin* B
cells and Maci* cells. Lymphocytes were injected i.v. in 0.3 ml. The mice

were immunized 24 h after reconstitution and received a second immunization
2 weeks later. Bone marrow radiation chimeras were generated in (C57BL/
6 X BALB/c)F| mice using T cell-depleted BALB/c bone-marrow as de

scribed (4). These mice were used for experiments 12 weeks after reconstitu
tion and were immunized once.

Tumor Protection Assays. Cells for inoculation were harvested by
trypsinization and then washed three times in PBS. Groups of 8-12 mice were
challenged with 3 x IO6 El A + ras tumor cells in 0.2 ml of PBS given s.c. in

the left flank. The mice were monitored twice/week and tumors were measured
in three dimensions with a caliper. Mice were sacrificed when their tumors
grew larger than 1 cubic cm. became ulcerated, or when the animals became
moribund.

In Vivo Antibody Depletion Experiments. Depletions were started I
week before immunizations. mAb 2.43 (18) was used to deplete CD8^ cells,

mAb GK1.5 (19) was used to deplete CD4+ cells, and mAb PK136 (20) was
used for NK 1.1+ cell depletion. Mice received 100 /xg mAb/dose in 0.1 ml

saline every other day for the first week and once/week thereafter. Depletion
of lymphocyte subsets was assessed on the day of immunization by flow
cytofluorometric analysis of spleen cells stained with mAb RM4-4 or 53-6.7
(PharMingen) for detection of CD4* and CD8+ subsets, respectively. For each

depletion >99% depletion of the appropriate subset was achieved while

maintaining normal levels of the other subsets. Depletion of NK1.1 cells was
determined by cytotoxicity against NK-sensitive YAC-1 targets in a standard
5-h 5'Cr release assay. Control effector populations included splenocytes from

untreated B6 mice and B6 nu/nu mice.

RESULTS

Construction of a Prototype "Nonprofessional"APC Presenting
the EIA234-243Epitope. A C57BL/6 mouseembryocell line, MEC-1,
was engineered to express the H-2Db-restricted CTL epitope of the
human Ad5 EIA protein, EIA234"243(11). A minigene encoding the
E1A234~243peptic preceded in-frame by the Signal Recognition

Particle-dependent leader sequence of adenovirus E3/19K protein,
was used to confer efficient MHC-restricted presentation of the
EIA234"243epitope in MEC-1 cells. Fusion of this signal sequence to

minigenes encoding CTL epitopes has been shown to direct TAP-
independent translocation of CTL epitopes from the cytosol to the
ER site of MHC class I loading (21). After transfection of MEC-1
with pSigElA234'243, several foci were picked and screened for
EIA234"243 expression in cytolytic assays using an E1A234"243-

specific CTL, clone 5 (11). One well-recognized transfectant clone,
designated SAM, was identified and selected for further study.

To assess the antigenicity of SAM cells that were engineered to
efficiently present the E1A234~243epitope, we first compared the
presentation of EIA234'243 by SAM with E1A/EIB-transformed

MEC and with ElA+ras-transformed tumor lines, which both derive
the EIA234"243epitope from full length EIA proteins. As presentation
of the EIA234"243epitope by H-2Dh molecules is an important pa-

3095

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/14/3094/2466868/cr0580143094.pdf by guest on 19 M

ay 2023



DIRECT CTL PRIMING BY AN ENGINEERED FIBROBLAST APC

Mean Log Fluorescence
Fig. 1. Expression of MHC class I H-2Dh molecules on SAM and E l A-lransformed

tumor cells. The surface levels of H-2Db molecules on SAM (Ai. E1A/E1B-MEC cells

(ÃŸ),and ElA + ro.v MEC (C) are depicted in a cytofluorometric analysis. Cells were
cultured either in the presence (Â¡hadedtirea) or absence (solili line} of 10 units/ml IFN-y
for 48 h before staining with the H-2Dh-specific mAh 28-14-8 s followed by secondary

staining with a FITC-conjugated antimousc antibody. The tinned line indicates back
ground fluorescence of cells stained with secondary antibody alone. The mean fluores
cence values (second antibody alone. -IFN-y. -t-IFN-yl are as follows: SAM. 2.3, 4.1.

52.1; ElA + ras MEC, 2.6, 3.7, 49.9: E1A/E1B MEC. 3.1, 3.4, 47.6.

rameter of antigenicity, surface Dh levels were measured on these cell
lines. SAM cells express low basal levels of surface H-2Dh molecules,

as do the ElA-transformed tumors (Fig. 1). IFN-y up-regulates the
H-2Db levels on SAM and the tumor cells to an equivalent extent.
Cytolytic assays using an EIA234 :43-specific CTL clone showed that

the El A-expressing tumor cells are lysed only after exposure to IFN-y

(Fig. 2B). In contrast, SAM cells are efficiently lysed by the specific
CTL whether or not the target cells have been treated with IFN-y (Fig.

2/4). The highly efficient antigen presentation displayed by SAM, as
compared with the tumor cells, was confirmed using a lacZ reporter
gene-transfected hybridoma that allows a more quantitative measure

ment of antigenic stimulation (16). In this assay, the various cells
(APC) are tested for their ability to stimulate a fixed number of
El A234 243-specific T hybridomas that induce expression of the en

zyme /3-galactosidase in response to activation through their antigen

receptor. These experiments show (Fig. 2C and D) that SAM cells are
highly antigenic compared with tumor cells and that, in contrast to the
cells expressing the full-length EIA protein, SAM cells are not
dependent on IFN-y treatment for efficient T cell activation. The

observation that SAM cells retain high antigenicity despite displaying
very low levels of surface Dh molecules (Fig. \A and Fig. 2A and C)
suggests that the loading of E1A234~243 onto Dh molecules is very

efficient in these cells.
Effect of B7-1 and ICAM-1 on in Vivo APC Function of SAM.

To examine the costimulatory requirements for CTL priming by SAM
cells, we generated B7-1 and/or ICAM-1 expressing variants by

supertransfection of the parental SAM clone with the relevant cDNAs.
The parental SAM cell line expresses neither B7-1 nor ICAM-1 at its

surface; each of these molecules is well expressed on the relevant
supertransfectant (Fig. 3). Comparison of the antigenicity of the
SAM-transfectants in T cell activation assays indicated that they are
comparable with the parental SAM line and superior to the E1A-
expressing tumors in their capacity to trigger the ElA234"243-specific

hybridoma (data not shown).
The APC panel was then studied for the capacity to induce

ElA234~243-specific CTL activity after i.p. immunization of naive

C57BL/6 mice. An i.p. route was chosen to allow the immunizing
cells access to the secondary lymphoid organs that are generally
thought to contain the greatest concentration of naive T cells (22).
Groups of mice were inoculated once with nonirradiated (live) IO6

SAM, SAM/ICAM-1, SAM/B7-1, SAM/B7-ICAM, or control (vec-
tor-transfected) MEC-lv cells. For each cell line, the injected cells

could be recovered from spleen and lymph nodes for up to 3 days after
inoculation (data not shown). Two weeks after immunization, the
mice were sacrificed and their splenocytes restimulated in vitro with
irradiated SAM cells. After a 5-day coculture, CTL activity was tested
on peptide-pulsed MEC-lv cells and against El A-expressing tumor
cell targets. Experiments were performed using IFN-y-treated or
-untreated APC for immunization. Despite several attempts, we were
unable to detect any EIA234 243peptide-specific CTL activity in bulk

spleen cultures from mice immunized with the SAM transfectants that
had not received prior treatment with IFN-y (data not shown). The
CTL responses of mice immunized with IFN-y-treated cells (Fig. 4)
show that immunization with IO6 IFN-y-treated SAM cells fails to
induce a detectable EIA234 243-specific CTL response, whereas only
a weak ElA234~243-specific CTL response is induced by immuniza

tion with SAM/ICAM. In contrast, mice immunized with either the
IFN-y-treated SAM/B7-1 or SAM/B7-ICAM demonstrated strong
peptide-specific and tumor cross-reactive CTL responses.

Requirement for B7-1 and Antigen Density for Direct Priming
of CTL. Our data indicated that both B7-1 expression and IFN-y

treatment were essential to the in vivo immunogenicity of the engi
neered APC. To show that these factors, as intended by the experi
mental design, were directly responsible for allowing the engineered
APC to directly prime ElA-specific CTL, immunizations were per
formed in a chimeric mouse system. BALB/c (H-2d) SCID mice,

which lack functional T and B cells, were reconstituted with highly

Fig. 2. SAM cells efficiently present the AdElA234"243

epilope. A and B, cytotoxicity assays: the indicated cells were
cultured in the presence or absence of 10 units/ml IFN-y for 48 h
before their use as labeled targets in a 4-h europium re
lease assay as described in "Materials and Methods." An
AdElA2'4 "'-specific CTL (clone 5) was used as the effector

cell population. C and D, T cell activation assay: varying
numbers of the same cell populations used in the cytoxicity
assay above were coculturcd overnight together with 5 X IO4
LacZ reporter-gene-transfected AdElA"'4 -""-specific hybri

doma cells. After overnight incubation, total lacZ activity in
duced in the AdElA2'4 "'-specific hybridomas was deter
mined in individual cultures as described in "Materials and
Methods." Data arc from one representative experiment of

three performed.
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Fig. 3. Surface expression of B7-1 and ICAM-1 on SAM supertransfectants. Cytoflu-

orometric analysis of surface expression of the indicated molecules (shaded histograms)
on SAM and supertransfectants was performed as described in "Materials and Methods."

Primary Abs were CTLA4-immunoglobulin for detection of B7-1 expression and YN1.1
for detection of ICAM-1 expression. Control stainings (open histograms) were performed
without primary Ab.

cantly more efficient than parental SAM cells in activating the
ElA214"241-specific hybridoma in short-term (2-8-h coculture) acti

vation assays indicating that they expressed a higher density of
antigenic ElA234~243/Db complexes at their surface (data not shown).

Injections given to normal B6 mice with the SAM/Dh and SAM/Db/
B7-1 cell lines revealed that only the B7-expressing Dh-transfected

SAM cells were capable of inducing ElA-specific CTL (not shown).
Similarly, in CB6 F, T-cell-reconstituted BALB/c SCID mice SAM-
Db/B7-l cells were able to directly prime El A-specific CTL, whereas
SAM-Db cells, lacking B7-1 expression, failed to do so (Fig. 5D).
Thus, SAM-Db/B7-l cells are able to directly prime ElA-specific

CTL due to the increased presentation of surface peptide/MHC com
plexes. Taken together, these results indicate that B7-1 expression

and antigen density are critical parameters in conferring true in vivo
APC capacity to SAM cells.

Induction of Protective Antitumor Immunity Independent of
Host CD4+ and NK1.1+ Cells. We extended the results of immu

nization studies by using protection from tumor challenge as an in
vivo correlate of ElA234~243-specific CTL induction. Mice receiving

injections 2 weeks before with IO6 IFN-y-treated APC were chal

lenged with a tumorigenic dose of an ElA+ras-transformed MEC.

These cells form progressively growing tumors in naive syngeneic
mice that generally are fatal within 6-8 weeks (13). Mock-immu

nized mice and those receiving SAM cells developed progressively
growing tumors within 3 weeks of challenge (Fig. 6A). This result
confirms that seen in CTL induction experiments, in that SAM cells
are apparently not immunogenic at the dose and route used in our
experiments. Mice receiving injections of SAM/ICAM-1 consistently

showed an increased latency period for tumor detectablity, but all
mice eventually did develop lethal tumors. In contrast, a single im-

purified T cells from C57BL/6 X BALB/c (H-2bxd) F, mice. As the
bone marrow-derived APC of the H-2d BALB/c mouse cannot present
the H-2Dh-restricted EIA234'243 epitope to CTL, ElA-specific CTL

responses are primed exclusively by the H-2b engineered APC used

for vaccination. The results (Fig. 5A) demonstrate that IFN-y-treated
SAM/B7-1, but not IFN-y-treated SAM, are able to prime ElA-

specific CTL responses in the reconstituted BALB/c SCID mice. This
indicates that CTL induction by our engineered APC does not require
cross-priming by host H-2b APC. These findings were confirmed in a

reciprocal system in which mice were reconstituted with a defined
population of bone marrow-derived APC. CB6F, (H-21""1)mice were

irradiated (900R) to delete the endogenous population of bone mar
row-derived APC and subsequently reconstituted with bone marrow
cells of H-2d origin (4). Immunization of these mice with IFN-y-

treated SAM/B7-1 cells resulted in ElA-specific CTL, indicating that
cross-presentation by H-2b APC is not required for CTL priming by

SAM/B7-1 (Fig. 5B). Taken together, these data demonstrate that
bone marrow-derived APC of H-2b origin are dispensable for CTL

priming by our engineered APC and, therefore, that IFN-y-treated

SAM/B7 cells are truly capable of direct CTL priming.
The dependence on IFN-y pretreatment of the B7-1 * APC could be

explained by the effect of IFN-y on MHC class I expression (Fig. 1).
This could increase the amount of H-2Db molecules available for

peptide loading and thereby bring the antigen density above a thresh
old not distinguishable in the in vitro CTL assays, but nonetheless
required for direct priming of CTL in vivo. To directly address this,
SAM and SAM/B7 cells were supertransfected with a plasmid encod
ing the H-2Db gene expressed from a constitutive promoter. The
resulting cell lines displayed increased levels of H-2Db without IFN-y
treatment (Fig. 5C). Additionally, the SAM/Db cells were signifi
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Fig. 4. CTL activity of immunized mice. Specificity of CTL responses induced by
immunization with IFN--y-treated SAM (A). SAM/ICAM-1 (ÃŸ),SAM/B7-1 (O. and
SAM-B7-ICAM (DÃ¬,were determined by measuring lytic activity of in vitro restimulated
spleen cells from mice immunized 2 weeks before with one million of the indicated APC.
All primary splenocyte cultures were restimulated in vitro with IFN-y treated SAM
stimulator cells and then used 5 days later as the effector population in a 4-h europium
release assay at the various E/T ratios indicated (as described in "Materials and Meth
ods"). The target cells used in the assay were control vector transfected MEC-1 v (open
circles). MEC-lv + EIA234-243 peptide (filled circles'!. MEC-lv + E1B192 '"" peptide

(open circles), and ElA + raj MEC (open triangles). The results depicted represent one
experiment of three performed with similar results.
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Fig. 5. Direct priming of El A-specific CTL. A and D, H-2d BALB/c SCID mice were
reconstituted with 1 x 10" purified H-2hxd F, T cells as described in "Materials and
Methods." Forty-eight hours later mice were immuni/ed with one million IFN-y-treated

SAM (A; Â»pensymbols) or SAM/B7-I (A; closed symbols) or one million untreated
SAM-Dh (D: open symbols) or SAM-Dh/B7-l (D; closed symbols). Two weeks after
immuni/ation. spleen cells were restimulated in vitro with IFN-"y-treated SAM cells and
tested for El A-specific lytic ability in a cytotoxicity assay. Targets were MEC-
Iv -I- EIA234"*" peptide (sonares) or MEC-lv + E1B192 2"" peptide (circles). Data

represent one of two experiments performed with similar results. C levels of surface
H-2Dh molecules on SAM and SAM/Dbare depicted in a cytofluorometric analysis. The
dolled line indicates the Dh levels on untreated SAM cells, the solid line indicates the Dh
levels on untreated SAM/Dh cells, and the dttslirtl line indicates the Dh levels on SAM

cells pretreated with IFN-v 48 h before staining. Stainings were performed as described
in "Materials and Methods." The control staining (no primary antibody I histograms have

been omitted for the sake of clarity. B. CB6F, mice were irradiated, reconstituted with
BALB/c bone marrow, and immuni/ed with IFN-y-treated SAM/B7-1 cells as described
in "Materials and Methods." Two weeks after immuni/ation. spleen cells were restimu

lated in vitro with IFN-y-treated SAM cells and tested for El A-specific lytic ability in a
cytotoxicity assay. Targets were MEC-lv + EIA234"243 peptide (closed squares') or
MEC-lv + EIB"2"2"" peptide (open squares).

munization of IO6 IFN-y-treated SAM/B7-1 or SAM/B7-ICAM cells

is sufficient to induce full protection from lethal tumor challenge.
These results correlate well with the results of the CTL induction
experiments regarding the efficiency of APC function displayed by
the various transfectants. In control experiments, mice receiving in
jections of B7-l-transfected MEC-1 cells all developed tumors indi
cating that the protection induced by the B7-1 -expressing APC re
quires priming of EIA214 ~243-specific CTL (Fig. 6B). Lethal

irradiation does not diminish the ability of SAM/B7-1 to confer

protective immunity (Fig. 6ÃŸ).Taken together, these results indicate
that protective immunity to the ElA + ra.v tumor cells depends on the
priming of ElA234-243-specific CTL by B7-l+ SAM cells and that,

as opposed to the majority of B7-modified tumor vaccines, lethal

irradiation does not diminish the APC capacity of the engineered cells
(23).

The requirement for specific host lymphocyte subsets in the gen
eration of anti-El A234"243 CTL by SAM/B7-1 was investigated by
depleting normal B6 mice of CD4+, CD8+, or NK1.1 + cells before
immunization with 10" IFN-y-treated SAM/B7-1. The depleted and

immunized mice were then either challenged with ElA + ras MEC
tumor cells or were sacrificed for in vitro restimulation of splenocytes
and subsequent cytolytic assays. As shown in Fig. 1A, the tumor
protective effect of SAM/B7-1 immunization is wholly dependent on
CD8+ cells. Tumor growth in CDS-depleted immunized animals was

even more rapid than in naive mice, emphasizing the pivotal role of
CD8+ cells in controlling tumor outgrowth in this model system. In
contrast, both NK1.1 + and CD4+ cells are dispensable for the induc

tion of protective immunity after vaccination as judged by the absence
of tumors in mice depleted for these subsets. Analysis of the CTL
activity after in vitro restimulation of spleen cells from the various
depleted, immunized animals (Fig. IB) confirmed the results obtained
in tumor challenge experiments, in that CD4- and NK 1.1-depleted
mice are still capable of generating strong EIA234 !43-specific CTL in

response to immunization with SAM/B7-1.

In conclusion, a nonprofessional APC expressing both a threshold
density of peptide/MHC complexes and B7-1 at its surface can
directly prime peptide-specific, tumor-protective CD8+ CTL inde
pendent of host CD4+ and NK1.1"1"cells.

DISCUSSION

The results of these studies clearly define the presentation require
ments for a suitably engineered artificial APC to directly prime
peptide-specific CD8+ CTL in vivo. CTL priming requires both a

threshold density of antigenic peptide/MHC complexes and expres
sion of a costimulation molecule. Whereas ICAM-1 expression leads
to weak CTL priming and no tumor protection, expression of B7-1 is

both necessary and sufficient to allow the engineered cells to effi
ciently prime peptide-specific CD8+ CTL after a single immuniza

tion. The results from our experiments in N K 1.1-depleted mice and

BALB/c seid mice rule out any obligatory involvement of host
NK1.1+ cells and APC in priming of CTL by the B7-7+ APC. This

indicates that, unlike B7-transfected tumors, the immunogenicity con
ferred to our engineered APC by B7-1 expression does not involve

Immunization (n=12)

-Dâ€” PBS

-â€¢â€” SAM

-Aâ€” SAM/1CAM-1

i SAM/B7.1 (n=12)
"^ \ SAM/B7-ICAM (n=12)

15 30 45 60 75

Day after tumor challenge

B

25'

Immunization (n=6)

-Dâ€” PBS

-Oâ€” MEC-1/B7-1

-Ã™â€” MEC-1/ICAM-1

_, f liveSAM/B7-1 (n=6)
1 irrad. SAM/B7-1 (n=6)

0 15 30 45 60 75 90

Days after tumor challenge

Fig. 6. Tumor protection induced by immunization with APC panel. A. groups of mice
In = 12) received a single i.p. immunization with IO6of the indicated cell line in PBS or

PBS alone. B, groups of mice (n = 6) were immunized as in A with the indicated cell lines.
For the irrad. SAM/B7-1 group. SAM/B7-1 cells were irradiated (100 Gy) before
immunization. Two weeks later the immunized mice were challenged with ElA+ras
MEC tumor cells (3 X IO6 cells, s.c.. left Hank). Tumor growth was monitored weekly

afterward. All mice immunized with either SAM/B7-I or SAM/B7-ICAM groups were
completely protected from tumor outgrowth and are, therefore, represented by the same
symbol (open intuirle) for the sakeof clarity. Theseanimals remained tumor free for more
than 6 months after challenge at which time the experiment was ended. Data are from one
experiment of two performed with similar results.
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Fig. 7. T cell subset dependence of CTL priming and tumor protection induced by immunization with SAM/B7-1. A. groups of mice (n ~ 8) were depleted of CD4, CDS, or NKl.l
subsets as described in "Materials and Methods." Subset-depleted mice then received a single i.p. immunization of IO6 SAM/B7-1 cells and were subsequently challenged two weeks
later with ElA + ras MEC tumor cells (3 X IO6 cells, s.c., left flank). Tumor growth was monitored weekly. Control groups (n = 4), which were depleted but not immunized, all

developed progressively growing tumors and died within 6-8 weeks after tumor challenge (data not shown). None of the protected mice developed tumors and are. therefore,

represented by one symbol (open triangles). These mice remained tumor free lor more than 4 months at which time the experiment was ended. Errar bars represent the SEM lor each
group, ÃŸ,mice depleted of the indicated subsets by mAb treatment in vim as described were immunized i.p. with IO6 SAM/B7-I cells. Two weeks later, spleens were harvested and

restimulated in vitro with SAM cells. Bulk restimulated spleen cells were used as effector cells in a cytotoxicity assay. Target cells used were control vector transfected MEC-1 v (open
circles), MEC-lv + EIA2""243 peptide (dosed circles) or MEC-lv + BIB'92"2"" peptide (open squares). Data represent one of two experiments performed with similar results.

lysis of the immunizing cells by NK cells and subsequent release of
tumor antigen for cross-priming by host APC. The notion that our

engineered APC induce CTL immunity through direct priming, and
not through cross-priming involving host APC, is further supported by
the observation that SAM-B7-1 cells lacking increased levels of
surface H-2Db are incapable of CTL priming in vivo despite the fact

that these cells express both the antigen and B7-1. This indicates that
the minigene-encoded E1A234~243 peptide epitope is not available to

cross-priming host APC, as intended by the design of our experimen
tal strategy. Therefore, the use of a signal sequence-containing mini-

gene indeed offered the possibility to maximize the antigenicity of the
engineered APC through efficient and continuous TAP-independent
loading of the EIA234"243 peptide onto MHC class I molecules, while

limiting the antigen available for cross-priming to a surface peptide/MHC
complex or a cytosolic or ER-resident signal sequence-containing inter
mediate. The choice of the EIA234"243 peptide as a model CTL epitope

most likely further compromised its capacity to be effectively processed
and presented by host APC via cross-priming. It has been reported that in
vivo cross-priming requires TAP function of the host APC for CTL
priming (24). As the EIA234"243 peptide has been shown to be very

inefficiently translocated to the ER by TAP, this peptide, when liberated
from the preceding signal sequence by the ER leader peptidase and
released from SAM cells, is likely to constitute a poor molecular species
for cross-priming of ElA-specific responses (25).

The experimental approach used in the present study differs fun
damentally from previous studies documenting a role for B7-1 in the

rejection of transplanted tumors. Whereas previous work has shown
cross-priming can be an important mechanism underlying activation
of CTL by BV-expressing tumors (5), our results clearly indicate that

peptide-specific CTL are primed directly by the engineered APC. The

present study, therefore, allows a clearer interpretation of the contri
bution of B7-1 (and ICAM-l) to true in vivo APC function. As

mentioned above, the sole involvement of direct priming is manifested
by the fact that induction of CTL immunity requires a sufficiently
high density of antigenic peptide/MHC complexes in addition to the
expression of a costimulation molecule. Furthermore, we demon
strated that SAM cells are apparently nonimmunogenic unless they
express B7-1 and are then coverted to a highly immunogenic cell. In
contrast, the ability of B7-1 -expressing tumors to generate systemic

immunity depends entirely on the immunogenicity of the parental
tumor ( 1). Thus, as opposed to transfected tumors in which the effect
of B7-1 is to enhance the tumor's intrinsic immunogenicity, our

studies show that B7-1 expression is the single critical factor in

determining the in vivo immunogenicity of a nonprofessional APC
that presents a sufficient density of antigenic peptide/MHC com
plexes. An additional difference from earlier studies concerns the fact
that previous studies with B7-modified tumors have shown that viable

tumor cells are required for optimal immunogenicity, suggesting that
antigen load and host inflammatory responses against the incipient
tumor are important for immunogenicity of the live vaccine (23). In
contrast, the immunogenicity of our engineered APC is unaffected by
lethal irradiation. Vaccination with as few as one million of the B7-l +

APC, either live or irradiated, suffices to induce a protective CTL re
sponse. This difference emphasizes the high efficiency by which our
direct-priming APC can induce CTL immunity, as compared to B7-
modified tumor cells which may depend on the cross-priming pathway.

The experiments described in this report provide a framework for
the rational design of novel cell-based vaccines. Although previous
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studies have demonstrated that genetically modified tumors are capa
ble of direct presentation of antigens to CD4+ (26) and CD8+ (5, 27)

T cells, our study is the first to show that a nontumorigenic fibroblast
can be engineered to possess APC capacity. Because fibroblasts are
relatively easy to obtain and expand in vitro, this approach may prove
to be a useful alternative to the labor-intensive and costly purification

of dendritic cells for use as cellular vaccines for CTL responses
against a variety of antigens. Engineering of peptide-specific APC

also offers the potential to control critical aspects of antigen presen
tation to naive CTL to a greater extent than is possible using cell-

based vaccines that rely on secondary antigen presentation pathways.
The signal peptide approach to class I MHC loading adds additional
versatility to this system by allowing the continuous presentation of
determinants derived from transforming oncoproteins, such as EIA,
while bypassing the need to express intrinsically hazardous source
proteins. With respect to the potentially tolerogenic ElA243^243 de

terminant, which has been shown to delete specific CTL when offered
as a synthetic peptide (13), we now demonstrate that presentation of
this epitope in a well-defined cellular context ensures activation of
effective tumor-protective CTL responses. The SAM/B7-1 cells con

stitute a highly reliable mode of vaccination because these APCs
provide two signals essential for CTL priming, an antigenic stimulus
and a costimulus, and thereby render CTL activation independent of
the availability of CD4*-mediated T cell help and of cross-priming

host APC. Consequently, the signal-sequence minigene approach,
which is theoretically applicable to any MHC-binding peptide, should

allow the construction of APC displaying enhanced presentation of
subdominant or cryptic epitopes which are poorly processed and
presently from native protein or may possess intermediate binding
affinity for MHC (28). This approach is currently under investigation
in our laboratory.

In conclusion, we have examined the ability of an engineered MHC
class I+/ MHC class II" embryonic fibroblast to elicit peptide-specific

antitumor CTL in vivo. Highly efficient priming of MHC class I-
restricted CD8+ CTL capable of mediating protection from tumor

challenge resulted from a single i.p. immunization of one million APC
displaying a threshold level of antigen density and expressing the
costimulatory molecule B7-1. Induction of CTL immunity was nei
ther dependent on host CD4+ or NK1.1 + cells, nor on host APC,

indicating that these studies clearly define the presentation and co
stimulatory requirements for induction of CTL immunity through
direct priming.
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