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ABSTRACT Like many primary tumors, human adeno-
virus type 12 (Ad12)-transformed mouse cells express greatly
reduced levels of the major histocompatibility complex (MHC)
class I antigens and are highly tumorigenic in immunocom-
petent hosts. Expression of a transfected class I gene by these
cells can abrogate their tumorigenicity. Both the K and the L
class I genes can suppress the malignant phenotype. Previous
studies showed that interferon can induce class I gene expres-
sion in certain Ad12-transformed cells and can suppress their
tumorigenic phenotype. We now demonstrate that preim-
munization of mice with a nontumorigenic dose of interferon-
treated Ad12-transformed tumor cells can afford protection
against a subsequent challenge by a tumorigenic dose of
untreated Ad12-transformed tumor cells. Similar immunity
can also be induced by using cells transfected with the K gene,
and the observed protection appears specific to Ad12-trans-
formed cells. Significant protection can be achieved even if
immunization is provided subsequent to the tumor challenge.
Since increasing numbers of human tumors have been found to
have reduced levels of MHC class I antigens, the prospect of
therapy by immunization with the parental tumor cells that
have been manipulated to induce class I gene expression offers
an attractive experimental model.

Transformation of cells by human adenovirus type 12 (Ad12)
is a valuable system for the study of tumorigenesis (1, 2).
Unlike most cells transformed in culture, those transformed
by Ad12 are highly tumorigenic in immunocompetent recip-
ients. Like many primary tumors, Ad12 transformants ex-
press greatly reduced or undetectable levels of the major
histocompatibility complex (MHC) class I antigens.

An established role of the MHC class I molecules is to
present tumor cells bearing foreign antigens to the immune
system (3). The suppression of class I gene expression upon
Ad12 transformation is thought to explain the high
tumorigenic phenotype of these cells. This assumption was
confirmed by the finding that expression of a cloned class I
gene introduced by DNA-mediated gene transfer can com-
pletely abrogate the tumorigenicity of Adl2-transformed
cells (4). Thus, suppression of class I gene expression is a
requisite for the induction of malignancy by Ad12.

Since the class I antigens are encoded by a multigenic
family (5, 6), it seemed valuable to define whether differences
exist among them with regard to their ability to reverse Ad12
tumorigenicity. More importantly, we wished to determine
whether tumor cells transfected with a class I gene can
immunize animals against the parental Ad12-induced tumor
not expressing any class I antigen. The present study ad-
dresses these two questions.
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MATERIALS AND METHODS

Mice. C57BL/6 and (BALB/c X C57BL/6)F; mice were
obtained from The Jackson Laboratory.

Cell Cultures. All cells were maintained at 37°C in
Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum. The « and B interferon preparations (IFN-a and
IFN-8, 1.3 x 10’ IRU/mg) were obtained from Lee
BioMolecular Research Laboratories (San Diego, CA) (7).

DNA Transfection. Ten micrograms of pI255 [which con-
tains the entire K® gene inserted at the Sal I site of pTCF (8,
9] and 0.1 ug of pPRSVneo [which contains the gene encoding
neomycin resistance under the control of the Rous sarcoma
virus promoter (4)] were introduced into C57AT]1 cells by the
calcium phosphate technique (10). The calcium phosphate
coprecipitates were formed by adding a 250 mM CaCl,
solution containing plasmid DNA dropwise to an equal
volume of 2x HBS buffer (1x HBS = 25 mM Hepes/0.75
mM Na,HPO,/140 mM NaCl, adjusted to pH 7.1) under a
stream of N,. The calcium phosphate DNA precipitates were
then added to the cells. Following incubation for about 4 hr,
the cells were washed two or three times and left in
Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum. Approximately 48 hr after transfection, cells were
split into a selective medium containing 0.5 mg of G418 per
ml. Ten days later, individual clones were picked and
expanded.

RNA Blot Analysis. Poly(A)* RNA was isolated as de-
scribed (11). Aliquots of RNA were adjusted to contain 50%
formamide, 20 mM 4-morpholinepropanesulfonic acid
(Mops, pH 7.0), S mM sodium acetate, 1 mM EDTA, 2.2 M
formaldehyde, were heated at 60°C for 10 min, and were
subjected to electrophoresis on a 1.0% agarose gel containing
2.2 M formaldehyde. The running buffer was 20 mM Mops,
pH 7.0/5 mM sodium acetate/1 mM EDTA, and electropho-
resis was performed at 35-40 mA for 4 hr at 4°C. The RNA
was transferred to a nitrocellulose filter as described (11).
The conditions for hybridization have been described (12).

Detection of Cell Surface Antigens. For the microfluorom-
etry assay, single-cell suspensions obtained from monolayer
cultures by treatment with trypsin and EDTA were incubated
with a mouse monoclonal antibody specific to the K class I
antigen and stained with fluorescein-conjugated rabbit anti-
mouse IgG (4). The stained cells were analyzed in the
Becton-Dickinson FACS analyzer.

Tumor Induction. Mice, in groups of 10, were each given
a single subcutaneous injection on the right thigh of a fixed
dose of the control or of the appropriately-treated cells. The
progressive increase in the size of the tumor mass, assessed
by measuring the diameter in centimeters, was determined at
regular intervals for each animal. Deaths of individual mice
resulting from tumor growths were recorded (4).

Abbreviations: MHC, major histocompatibility complex; Adl12,
adenovirus type 12; IFN, interferon.
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RESULTS

Transfection of the cloned K? gene into CS7ATI cells, an
established Adl2-transformed CS57BL/6 (H-2® haplotype)
cell line that does not express a detectable amount of class I
antigens, has led to its expression even in the absence of a
heterologous transcriptional enhancer and promoter (Fig. 1).
This confirms our previous finding with the L? gene that an
exogenous class I gene can be expressed in Adl2-trans-
formed cells despite the suppression of the endogenous class
1 genes (4). While the transfected K? gene is transcriptionally
active, individual clones (designated K25, K73, and K74)
express various levels of this exogenous gene (Fig. 14, lanes
3-5). Although all of the 20 transfectants tested were positive
for the expression of the KP transcript as compared to the
parental C57AT1 cell line (lane 2), none expressed it at a level
more than one-third that observed with a BALB/c 3T3 cell
line (lane 1). Since the expression of the Ad12 EIA gene was
not perturbed by the transfection of the K? gene (Fig. 1B), the
observed variability and the relatively low level of expression
may suggest that the Ad12 function also interferes but not
completely with the expression of the exogenous class I gene.

While the parental C57AT1 cells and the G418-resistant
C57AT1neo cells are highly tumorigenic in syngeneic CS7BL/6
mice, neither K25, K73, nor K74 (three individual clones that
express the transfected K? gene) is capable of inducing tumors,
evenat a dose of 1 x 10° cells (Fig. 2 A and B). This observation
confirms our earlier finding with the L gene that the expression
of a transfected class I antigen can reverse the tumorigenic
phenotype of Ad12-transformed cells (4).

In order to determine whether differences exist between
the K and the L genes, the tumorigenic potential of two K?
transfectants (K73 and K74) and two L9 transfectants (L99
and R9) were compared (Fig. 2 C and D). Since the K? gene
was derived from C57BL/6 mice (H-2° haplotype) and the L¢
gene was derived from BALB/c mice (H-2¢ haplotype), we
were restricted to using the (BALB/c X C57BL/6)F; mice for
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Fi1G.1. Characterization by blot-hybridization analysis of mRNA
expressed in Ad12-transformed cells transfected with the K® gene.
Equivalent amounts of poly(A)* RNA obtained from BALB/c 3T3
(lanes 1), C57AT1 (lanes 2), K25 (lanes 3), K73 (lane 4), and K74
(lanes 5) cells were fractionated in a 1.0% agarose gel in the presence
of formaldehyde as described (11). The RNA was then transferred
from the gel to a nitrocellulose membrane, and the resulting RNA
blot was hybridized successively to two *?P-labeled DNA probes (4):
an end-labeled oligonucleotide probe that is specific to the K gene
(12) (A), or a nick-translation probe derived from a genomic clone of
the Ad12 EIA gene (13) (B).
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this study. Comparison of the survival curves showed no
detectable difference when the parental C57AT1 cells were
inoculated into either C57BL/6 mice or (BALB/c X
C57BL/6)F; mice (cf. Fig. 2 A and C), thus suggesting that
the F; hybrids are equally susceptible as recipients of tumor
cells. At the appropriate low-cell dose, neither K?- nor
L%transfected clones were tumorigenic, When tested at
either 3 x 10° cells (Fig. 2C) or 1 x 10° cells (Fig. 2D), the
K’-transfected clones (K73 and K74) were detectably less
tumorigenic than the L%transfected clones (L99 and R9). The
particular K- and L4-expressing clones were selected for this
comparison because they express similar levels of cell-
surface class I antigens. Barring differential sensitivity of F,
mice to different alleles of class I antigens (14), our study
suggests that the K antigen appears more efficient than the L
antigen in the presentation of the Ad12-transformed C57AT1
cells.

Since a majority of the Adl2-transformed cells show a
marked suppression but not total repression of MHC class I
gene expression (1, 4), as has been observed for certain
primary malignancies, it is conceivable that the presence of
a low level of class I antigen will suffice for presentation of
the tumor cells, provided the immune system can be poten-
tiated toward a more effective recognition of these cells.
Although these low levels of class I antigens are not sufficient
to allow tumor cells themselves to induce immunity, one
possibility would be to immunize animals against a ‘‘class I
negative”’ tumor by using isogenic tumor cells that have been
rendered class I positive (15-17), By potentiating the immune
system to recognize and reject tumor cells bearing ‘‘normal’’
levels of class I antigens, even tumor cells with reduced or
subdetectable levels of class I antigens may be destroyed.

To test this model, we elected to use an Ad12-transformed
cell-line (C3ATI) that expresses a low residual level of class I
antigens but is highly inducible for class I gene expression by
treatment with murine IFN (7). While a single dose of 2 x 10°
IFN-treated C3AT]1 cells (class I positive), injected 7 days in
advance, afforded complete protection against challenge by an
otherwise tumorigenic dose of C3AT]1 cells, a similar dose of
untreated C3AT1 cells (class I negative) showed only marginal
effect (Fig. 3A). This differential activity between the IFN-
treated and untreated cells to provide immunity upon a subse-
quent challenge is even more pronounced when the number of
immunizing cells was reduced to 2 x 10? (Fig. 3B).

As a further demonstration that immunity against tumor
cells can be experimentally induced, we have used the
CS7AT1 clone, which does not express any detectable
endogenous class I antigen, and their isogenic derivatives,
which express a transfected K? gene (see Fig. 1). In addition,
we asked whether immunity could be achieved at or subse-
quent to the tumor challenge.

C57BL/6 mice were each given a tumorigenic dose of 8 x 10°
C57AT1 cells (class I negative) at the right thigh and either
concomitantly (Fig. 4 A and C) or 2 days later (Fig. 4 B and D)
were injected at the left thigh with a single nontumorigenic dose
of 5 x 10° K®-transfected C57AT1 cells (class I positive). When
the immunization was provided at the same time as the tumor
challenge, both K?-transfected C57AT1 clones (K73 and K74)
were able to protect up to 70% of the mice against the parental
C57AT1 tumor (Fig. 4A4). Upon comparison of the average
tumor size between the various groups of mice, a biphasic
response curve reflecting tumor regression among individuals
within the immunized group was observed (Fig. 4C). When the
immunization was provided 2 days after tumor challenge, the
results, although somewhat less impressive, still demonstrated
significant protection (Fig. 4B). Similarly, a biphasic curve for
average tumor size confirms that the immunization with the
K*-transfected clones, even 2 days after tumor challenge, had
elicited an immune response that led to the partial regression of
tumors in individual mice (Fig. 4D). ,



Immunology: Tanaka et al.

Proc. Natl. Acad. Sci. USA 83 (1986) 8725

A C ) -
8t 8t . I——.—-—-——‘
4t 4t
&
=
> 1 1 1 1 1 1 J 1 1 1 1 1 1 —J
3 ) 20 40 60 % 20 40 60
Gt
(=}
3
€ | B D
=
Z 8- 8t
4r 4+
% 20 20 0 % 20 0 0

Days after injection

FiG. 2. Survival rates of mice injected with various doses of tumor cells. Groups of 10 mice, either CS7BL/6 (A and B) or (BALB/c X
CS7BL/6)F,; (C and D), were each given an intramuscular injection on the thigh of 3 x 10° cells (4 and C) or 1 X 10 cells (B and D) in
phosphate-buffered saline. The mice were about 6-8 weeks old at the start of the experiments. Cell-lines used were C57AT1 (0), C57AT1neo

(©), K25 (@), K73 (0), K74 (2), L99 (a), and R9 (m).

Interestingly, the success of this immunization appears to
require live cells. Irradiated cells even at a dose 3 times higher
did not afford any protection (data not shown). It is conceiv-
able that the immune presentation requires live cells. As a
control for the specificity of this immunization, mice preim-
munized with a nontumorigenic dose of a K*-transfected
C57AT1 clone (3 X 10° K73 cells) were given a tumorigenic
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FiG. 3. Survival rates of mice immunized with IFN-treated
C3AT1 cells. Groups of 10 C3H/HeJ mice were each given an
intramuscular injection on the left thigh of a fixed dose of either
phosphate-buffered saline (@), untreated C3AT1 cells (0), or C3AT1
cells that had been incubated for 18 hr with 2000 units of mouse
IFN-a,8 (»). The immunizing dose was either 2 x 10° cells (A) or 2
% 102 cells (B); both doses are below tumor threshold for these cells.
Seven days later, each mouse received in the right thigh 2 x 10°
untreated C3AT1 cells.

dose of either the parental C57AT1 cells or the syngeneic BL6
melanoma cells (18). The results obtained confirmed that the
protection was specific to Ad12-transformed cells and did not
extend to the BL6 melanoma (data not shown).

Since palpable tumors induced by the challenging dose of
C57AT1 cells used in this study could be detected at about 5
days after injection, our ability to afford protection in mice
that were immunized as late as 2 days after challenge is
encouraging. It also should be pointed out that the level of
expression of the exogenous K gene in the immunizing cells
was rather low (see Fig. 1), perhaps as a result of the Ad12
function(s), which has been shown to suppress the endoge-
nous class I genes (1, 4). Thus, the ability to induce a higher
level of expression of class I antigen (e.g., with IFN treat-
ment) may prove more effective in providing immunity
against the parental tumor.

DISCUSSION

The present study suggests that the K antigen is more
effective than the L antigen in the presentation of the C57AT1
tumor in syngeneic mice. We conclude that while different
class I gene products may act to induce recognition of tumor
cells, they do so with different efficiencies. It appears that
with Ad12-transformed cells, the K and the L antigens can
both act as self antigens for presentation and recognition of
the Ad12 tumor antigen. We also demonstrate in this study
that injection of tumor cells that have been treated with IFN
or that have been transfected with a cloned class I gene may
provide an effective means to potentiate the immune system
to reject the parental tumor. The mechanism for this poten-
tiation is obscure. Whether the sensitized animal now rec-
ognizes a ‘‘tumor’’ antigen in the context of a lower level of
MHC class I antigen, or whether a heretofore unsuspected
immune reaction is triggered, is presently unknown. Never-
theless, since increasing numbers of primary tumors have
been found similar to Ad12-transformed cells in expressing
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FiG. 4. Survival rates and average tumor size of mice immunized with C57AT1 cells transfected with the K? gene. Groups of 10 C57BL/6
mice were each given an intramuscular injection on the left thigh with phosphate-buffered saline (0), 5 x 10° K73 cells (0); or § X 10° K74 cells
(a), followed by a second injection in the right thigh either on the same day (day 0) or 2 days later (day 2) with 8 x 10° C57AT1 cells. The survival
rates (A and B) and the average tumor size (C and D) were determined. As the animals died during the course of the experiment because of
the tumor load, their last measurements were used in all subsequent calculations of average tumor size. For that reason, the slope of the control
curve is somewhat underestimated because individuals in that group began to die at a much earlier date than those in the experimental groups.

greatly reduced levels of class I antigens (19-33), the pros-
pect of therapy by immunization with the parental tumor cells
that have been manipulated in some way to induce class I
gene expression offers an attractive model for further inves-
tigation.
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