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ABSTRACT

Spontaneous SP1 murine adenocarcinoma cells transfected with the
murine 7-interferon (IFN-7) gene expressed IFN-7 (SP1/IFN-7) failed
to grow in syngeneic hosts and grew in nude mice. The rejection ot SIM/
IFN-7 cells was related to the amount of IFN-7 produced and appeared
to be mediated primarily by nonspecific cellular mechanisms, although
some role for T-cells in the afferent arm of this response is possible. SP1
cells are H2-Kk negative but express class I antigens when producing
IFN-7. However, class I major histocompatibility complex (MHC)
expression, while likely necessary, was insufficient in itself to prevent
tumor growth since secretion of >64 units/ml 11N-->was needed to inhibit
tumorigenicity while only 8 units/ml IFN-7 could induce class I antigens.
Similar results were obtained with the murine colon carcinoma CT-26, a
tumor that constitutively expresses class I MHC antigens, further sup
porting the contention that class I MHC expression is not essential for
the rejection response induced by IFN-7. The failure of SP1/IFN-7 cells
to protect against a challenge with parent SP1 cells argues that factors
other than IFN-7 production or class I MHC expression are needed to
induce a protective response against weakly or nonimmunogenic tumor
cells.

INTRODUCTION

It is well established that many murine and human tumor
cells that fail to express MHC3 antigens can be induced to do
so by in vitro treatment with IFN-7 (1-3). However, the removal
of IFN-7 from the culture medium results in a loss of MHC
expression within days (see below). This suggests a possible
explanation for why in many cells in vitro IFN-7 treatment
does not alter the immunogenic phenotype of tumor cells in
vivo. It is likely that MHC expression is reduced after injection
because IFN-7 is absent from the s.c. in vivo environment.

We reasoned that if MHC expression by tumor cells is
important for their immune rejection, then continuous MHC
expression would have to be maintained. To achieve this, we
selected a low MHC-expressing murine tumor cell line, SP1,
which responded to the in vitro addition of IFN-7 by increasing
H-2Kk expression. This confirmed that the cells were responsive
to IFN-7 and allowed us to proceed with transfection studies
showing that tumor cells that constitutively produce IFN-7
continuously express class I MHC antigens. In this report, we
present evidence to show that IFN-7-transfected SP1 cells fail
to grow in vivo and engender a nonspecific cytotoxic response.
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In addition, we show that the effect of IFN-7 on the immune
response to transfected cells is not limited to its induction of
class I MHC antigens but is also related to direct effects of
locally produced IFN-7 on host cells that induce a nonspecific
rejection of the IFN-7-producing cells.

MATERIALS AND METHODS

Mice. Female CBA and BALB/c mice between 6 and 8 weeks of age
were obtained from the Frederick Animal Facility of the National
Cancer Institute.

Tumors. The origin of the SP1 spontaneous mammary adenocarci-
noma has been described previously (4). SP1 grows readily in syngeneic
mice after s.c. inoculation and is poorly, if at all, immunogenic. The
CT-26 colon adenocarcinoma was obtained from M. Brattain (5).
MDW1 is an immunogenic variant of the MDAY-D2 lymphoma (6).

Culture Conditions. Cells were cultured in G1BCO RPMI 1640
supplemented with 50,000 units of penicillin and streptomycin, 150
mg of L-glutamine, 20 mivi 4-(2-hydroxyethyl)-l-piperazineethanesul-
fonic acid, 375 mg of sodium bicarbonate, and 10% fetal calf serum
(Irvine Scientific, Santa Ana, CA). All tumors were tested periodically
for the presence of Mycoplasma using the Gen Probe RNA hybridiza
tion method (Gen Probe, San Diego, CA); contamination with Myco
plasma was never observed. In addition, the cells were tested for murine
antibody production (Microbiological Associates, Bethesda, MD) and
found to be free of 13 murine pathogenic viruses.

Antisera. The monoclonal antibodies used in these studies were as
follows: Murine anti-Dk/Kd (clone 15-5-5S) was kindly provided by Dr.
B. E. Elliott (Queen's University, Kingston, Ontario, Canada). Murine
anti-Kk (clone 16-1-1 IN) was purchased from the Litton Company
(Charles, SC). Murine anti-Kk/Dk antibody (clone H 100-27/55), anti-
I-Ak (clone 14V18), and anti-Dk were purchased from the Cedarlane
Company (Westbury, NY). Murine anti-I-Ad antisera was obtained from

Becton Dickinson (San Jose, CA).
In Vitro IFN-7 Treatment. Recombinant murine IFN-7 was obtained

from Genentech, Inc. (San Francisco, CA). Three x IO5 tumor cells
were plated in five 10-cm plastic dishes and incubated with 1-100 units/
ml of IFN-7 ft"" 4 days. On the fourth day, IFN-^-treated cells were
aliquoted and reincubated with 1-100 units/ml of IFN-7 for an addi
tional 3 days. The cells were then analyzed for the expression of class
I or class II MHC antigens.

FloÂ»Cytofluorometry. Quantitative analysis of MHC expression on
cell surfaces were performed using FACS. Cells were scraped from
tissue culture plates using a rubber policeman and incubated with
murine anti-Kk, -Dd, or -I-Ak or I-Ad antibodies for 30 min at 4Â°C.After

being washed, the cells were incubated with fluorescein isothiocyanate-
conjugated goat anti-mouse IgG antibodies at 4Â°Cfor 30 min, fixed

with 1% paraformaldehyde, and examined within 1 week using cyto-
fluorometry. In all cases controls with second antibody alone failed to
show any significant nonspecific binding.

Transfection of Cells with DNA. DNA was introduced into SP1 or
CT-26 cells either as a coprecipitate with calcium phosphate (7) or via
use of the lipofectin reagent (8). The SPl-neo and CT-26/neo cell lines
were obtained by transfection with a mixture of 1 ^g of the plasmid
vector pSV2neo with 10 ng of mouse liver DNA. The SP1-IFN-7 lines
were obtained by transfecting SP1 cells with 1 ng of pSV2neo and 10
iig of pGEM3-SVMu-IFN-7. The murine IFN-7 complementary DNA
was obtained as described by Watanabe et al. (9, 10). The plasmid used,
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pGEM3-SVMu-IFN-7, was constructed by Dr. T. Sakata as described
previously (11). It was modified by the deletion of the dihydrofolate
reducÃasegene. After selection in geneticin, the colonies from individual
plates were pooled and assessed for IFN-7 production.

Antiviral Assay for Interferon Activity. The method of Mory et al.
(12) was used to assay IFN activity. This assay relies on the inhibition
of vesicular stomatitis virus growth in murine LTK~ cells. Control wells

were treated with recombinant IFN-7 or medium alone. Supernatants
from the experimental cell cultures were added at doubling dilutions
and their ability to inhibit vesicular stomatitis virus growth assessed by
determining how many wells contain viable LTK~ cells.

Assessment of Cell-mediated Cytotoxicity. Cytotoxicity was measured
using the previously described '"In release assay (13).

Separation of Spleen Cells. NWA and NWNA cells were obtained by
the method described by Julius et al. (14).

RESULTS

Prior to our transfection studies we ascertained whether the
SP1 cells would express MHC class I antigens in response to
IFN-7. In addition, we determined if the addition of exogenous
IFN-7 had a cytostatic effect on either the SP1 or CT-26 cell
lines. One to 1000 units of IFN-7 were added to semiconfluent
cultures of SP1 or CT-26 cells for 4 days. Class I MHC
expression was then measured and cell viability and replication
were measured each day for 5 days and compared to non-IFN-
7-treated cells. SP1 cells grew normally in as much as 1000
units/ml IFN-7, but the growth of CT-26 cells was inhibited by
17% in 1000 units/ml IFN-7. The growth rates of SP1 cells
transfected and secreting 256 units/ml IFN-7 (6L) were the
same as that of the parent SP1 cells. Similarly, CT-26 cells
producing 64 units/ml IFN-7 had the same growth rate as
parent CT-26 cells.

Fig. 1 demonstrates the expression of H-2Kk in SP1 cells as
well as H-2Dd in CT-26 cells as assessed by FACS using specific
murine monoclonal antibodies. Fewer than 6-7% SP1 cells
expressed H-2Kk, but all expressed I-Ak (data not shown). In
contrast CT-26 cells expressed both class I and II MHC anti
gens (class II data not shown). After treatment of SP1 cells

with exogenous IFN-7 the expression of class II antigens did
not change but a dramatic shift of the FACS curve to the right
was readily detectable with anti-Kk antibodies. IFN-7 treatment

had no effect on the constitutively expressed class I or II
antigens of CT-26 cells.

We next determined the duration of the effect of exogenous
IFN-7 on class I expression by SP1 cells. These experiments
served as a basis for the use of transfection with the IFN-7 gene
as a means for providing sustained production of IFN-7 and
expression of class I MHC antigens. SP1 cells were treated
with 10 units/ml of IFN-7 for 3 days. The cells were washed
and either assessed for H-2Kk expression or recultured. This

was repeated at 24, 48, 72, and 96 h after the removal of IFN-
7 from the medium. Fig. 2 shows that the H-2Kk expression
returned to baseline levels within 48 h after the removal of IFN-
7 from the medium. It is reasonable to assume that a similar
reduction in H-2 expression would occur if IFN-7-treated cells
were injected in vivo.

Effect of IFN-7 Transfection on Class I MHC Expression.
After transfection, both the SP1 and CT-26 lines were tested
for the secretion of IFN-7. Three SP1/IFN-7 cell populations,
1C, 3C, and 6L, were selected for study based on the amount
of IFN-7 secreted. The results are shown in Table 1. The CT-
26/IFN-7 cells were similarly shown to produce IFN-7, but to
a lesser degree than the SP1/IFN-7 cells (8 units/ml versus 256
units/ml). Of interest is the demonstration in all three SP1/
IFN-7 cell lines of an equivalent increase in MHC class I
expression [Fig. 3 (the results for the CT-26 cells are shown
below)]. In addition, all three lines expressed class II MHC
antigens (I-Ak) at a level comparable to that of the nontrans-

fected parent cells (data not shown). SP1 cells transfected with
the neoR gene alone did not express class I MHC antigens.

Effect of IFN-7 Gene Transfection on Tumor Growth in y ivo.
SP1/IFN-7 were injected s.c. into CBA mice. Table 1 summa
rizes the data from several such experiments. These cell lines
were selected because they all demonstrated a significant level
of H-2Kk expression (Fig. 3), when compared to five additional
populations that were screened and found not to express H-2Kk

H-2K EXPRESSION B H-2D<i Expression

OC
m
m

Fig. 1. Fluorescence intensity distribution
based on the binding of labeled goat anti-
mouse immunoglobulin to SP1 or CT-26 cells
pretreated with mouse anti-H-2Kk (A) or H-
2Dd (A), respectively.
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Fig. 2. SPI cells were treated with 10 units/ml of IFN-> for 3 days. The cells

were washed and a sample was removed for FACS analysis. The cells were
returned to in vitro culture without additional lFN--> and samples were removed

for FACS analysis at 48. 72. and 96 h. This figure shows the fluorescence intensity
distribution based on binding goat anti-mouse immunoglobulin to IFN-vtreated
SP1 cells pretreated with mouse anti-H-2Kk antibody.

Table 1 Growth oflFN-y-transfecteuSPl tumor cells
Groups of CBA mice were given s.c. injections of either 10', 5 x 10', or 10'

cells from a pool of colonies from three different transfection plates (1C, 3C, and
6L). The animals were then observed for tumor growth for 90 days.

IFN--y production

Tumor(units/ml)SPI

parent
SPI/IFN-7

1C
3C
6L16

32
256No.

of mice with tumor/
no. of micechallenged10s10/102/3^

3/3Â»

0/155x

IO5NT"NTNT

0/1010'NTNT
NTl/15r"

NT, not tested.
* Growth at 24 days.
c Growth at 90 days.

NWA cells were reactive (although to a lesser degree) against
the unrelated MDW1 tumor cell line. These results implied
that a nonspecific mechanism was responsible for the rejection
of 6L cells. This view was supported by our failure to diminish
the splenic cytotoxic response after depletion of immune spleen
cells with anti-CD4, anti-CD8, and anti-CD3 antibodies plus
complement (data not shown).

To further assess the nonspecific nature of the rejection of
6L cells, 1 x IO6 6L cells were mixed with 1 x IO5 SP1 cells

and injected together into the left flank of CBA mice. Five of
10 mice developed tumors at 5 weeks. We would emphasize
that syngeneic CBA mice given injections of 1 x IO4 SP1 cells

develop tumors within 2 weeks. The five tumors that grew were
removed and placed in tissue culture, allowed to grow for 2
days, and then exposed to geneticin. In all cases, the cells placed
in culture failed to grow in the presence of geneticin, indicating
that these were parent SP1 cells, which are sensitive to 500 ng/
ml geneticin (6L cells carry the neoR originally used in the
cotransfection with the IFN--y gene). The fact that the growth

of 6L mixed with SP1 cells was markedly impaired argues that
nonspecific mechanisms induced by the 6L cells were respon-
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Fig. 3. Three distinct clones of SPI cells transfected with the murine IFN->
gene were assessed for H-2Kk expression. The figure demonstrates the fluores
cence intensity distribution based on the binding of goat anti-mouse immuno
globulin to cells pretreated with mouse anti-H-2K1'.

and were thus presumed not to be producing IFN-7. 1C and
3C grew at challenge doses of 1 x IO5. In contrast, 6L cells
failed to grow in 14 of 15 animals given injections of 1 x IO6
cells; the parent SPI cell line grew when as few as 10-' cells

were injected s.c. Decreased tumorigenicity correlated with the
level of IFN-7 production rather than H-2Kk expression (Table

1; Fig. 3) since all three lines expressed equivalent levels of
MHC antigen but only the 1C and 3C cell lines grew vigorously.
6L cells did grow in nude mice. SPI cells transfected with the
neoR gene alone grew in a manner identical to that of nontrans-

fectedSPl cells (15).
Nonspecific Cytotoxic Response to 6L. Table 2 shows that

viable 6L cells induced a cytotoxic response reactive with itself
and the parent SPI tumors. This response was primarily me
diated by NWA spleen cells, though NWNA cells were cyto
toxic but to a lesser degree. The cytotoxicity of the NWA spleen
cells against both SPI and 6L was always greater than that
produced by the whole spleen cell population. In addition.

Table 2 Induction of cytotoxic T-cell by IFN-^-producing SPI cells
Groups of CBA mice were given s.c. injections of either 5 x 10' SPI or SPI/

IFN-> (6L) cells. Two weeks later the animals were killed and their spleen cells
were incubated with irradiated SPI or 6L cells. Five days later the lymphocytes
were harvested and passed through a nylon wool column and adherent and
nonadherent spleen cells were added to the '"Inox-labeled targets listed, at the

ratios indicated.

Tumorcellsused
forimmunizationCBA6L61,6L%

ofkillingTargetcellsCBACBA61.MDW1Effectontargetratio100:1100:150:110:1100:150:110:150:110:1Whole

spleencells2.3301912401602.21.8NWNA19824132.42.7NWA64396038198
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Table Ã¬Immunoprotectiun by IF.\--, -transfecteÃ¼SPl cells against a challenge
with parent cells

CBA mice were immunized with IO66L cells on day 0 and again on day 14.
On day 19. immunized and control animals were challenged with 10" or IO5

parent SPl cells. The animals were then observed for tumor growth.

Table 4 Growth oflFN-y-producing CT-26 tumor cells
Groups of BALB/c mice were given s.c. or i.v. injections of CT-26 or CT-26/

IFN-7 cells and observed for tumor growth and survival.

Immunization
doseTumorSPlSP1/1FN-7Ã“L1st2

x 10*2ndIO4Challenge

doseIO410/10"

9/185x

10"10/10

10/1010!10/1018/19
1Number of mice with tumors/number of mice challenged.

H-2K Expression by 6L Cells Glowing in Nude Mice

6L-B

FLUORESCENCE NTENSITY (tog)

Growlh in CBA mice I ^_

Fig. 4. A group of six nude mice were given s.c. injections of 1 x IO56L cells.

Two of the six resulting tumors were removed, cultured in vitro, and assessed for
IFN-7 production and H-2K1 expression. The individual tumors 6L-A and 6L-B
were then injected into syngeneic mice and assessed for their tumorigenicity.

sible in part for its failure to grow in vivo.
This conclusion was indirectly supported by experiments in

which immunization of CBA mice with 6L failed to protect
animals against a significant challenge with parental SPl cells
(Table 3). Fifty % of immunized animals were protected against
a challenge with 1 x IO4 cells injected in the opposite flank.
However, as few as 5 x IO4SPl cells induced tumors in 100%
of the immunized animals. In addition, the injection of animals
simultaneously in the left flank with 6L and right flank with
SPl had no effect on the growth of the SPl cells, although the
6L cells failed to grow.

Role of Class I MHC Antigen Expression. It remained to be
determined whether the effect of IFN-7 production was strictly
due to its enhancement of class I MHC expression or if IFN-7
produced locally had other effects on the host. 6L cells were
injected into 6 nude mice and produced tumors. Two of these
tumors were removed (6L-A and 6L-B) and recultured. These
cell lines were then assessed for IFN-7 production and H-2
expression. Fig. 4 shows that 6L-A and 6L-B had equivalent
expression of H-2Kk even though 6L-B produced 64 times more
IFN-7. The reinjection of 6L-A and 6L-B into groups of six
CBA mice demonstrated that low IFN-7-producing 6L-A cells
grew in all animals despite expressing H-2Kk. In contrast, high

IFN-7-producing 6L-B cells failed to grow.
CT-26 Tumor. We next determined the effect of IFN-7

expression of murine tumor cells that constitutively express
class I MHC antigens. CT-26 murine adenocarcinoma cells
were transfected with the pGEM3-SVMu-IFN-7 plasmid and
the original pool of transfected cells was found to secrete 8
units/ml of IFN-7. Table 4 shows that at doses of 1 x IO5 s.c.
or 5 x IO4 i.v., CT-26/IFN-7 cells eventually grew, but consid
erably more slowly than parent CT-26 cells.

The failure of CT-26/IFN-7 cells to grow in vivo was directly
related to their IFN-7 production and could not be explained

TumorcellsCT-26CT-26/IFN-7

CT-26
CT-26/IFN--XChallenge

dose1
x IO5

1 x 10'
5 x IO4
5x 10"TumorigenicityRouteS.C.

s.c.
i.v.
i.V.3wk9/10"2/155

wk5/50/57wk9/153/5

" Number of mice with tumors/number of mice challenged.

by any direct cytopathic effect of IFN-7 because 8 units/ml
IFN-7 had no effect on CT-26 growth in vitro. In addition to
reduced growth in vivo, CT-26/IFN-7 induced a cytotoxic re

sponse detectable in the spleens of immunized mice (data not
shown). Parent CT-26 cells have never been shown to engender
any detectable cytotoxic response.

DISCUSSION

These studies were undertaken to determine if the secretion
of IFN-7 by non-class I MHC-expressing tumor cells could
produce a cell population that continuously expresses class I
MHC antigens. The ultimate goal was to determine the effect
of class I expression on the growth potential of such cells in
vivo.

The SPl cell line was chosen because it is nonimmunogenic
and expresses little if any class I MHC antigen. The injection
of as few as 1 x 10' SPl cells produces tumors in syngeneic

animals. However, when SPl was transfected with the murine
SPl gene and subsequently secreted IFN-7 (6L), the cells
expressed H-2Kk constitutively and failed to grow in syngeneic
animals at challenge doses of 1 x IO6cells. The effect was not
due to the cytostatic effects of IFN-7 since 6L cells have
identical in vitro growth curves as nontransfected parental cells.
The failure of IFN-7 cells to grow was related to the amount
of IFN-7 produced, since 1C and 3C cells, which produced 16
and 32 units/ml IFN-7, grew, but 6L, which produced 256
units/ml IFN-7, did not grow.

These findings are in general agreement with those of Wa-
tanabe et al. (9), who showed that the expression of IFN-7 by
C1300 neuroblastoma cells rendered these cells immunogenic.
Immunogenicity appeared to correlate with the amount of IFN-
7 secreted by individual transfected populations and in their
hands rejection of IFN-7-producing C1300 cells was mediated
by T-cells.

Our findings differ from those of Watanabe et al. (9) in
several ways. Unlike C1300 cells, SP1/IFN-7 cells had no
demonstrable growth phase prior to rejection (data not shown);
no tumor growth was ever seen and attempts at obtaining
definable tumor tissue for histolÃ³gica! studies were not success
ful. More important, while we believe that the effects of IFN-7
are in part related to the induction of class I MHC antigens,
MHC expression itself was insufficient for the induction or
elicitation of a host rejection response. Thus, although the 1C
and 3C SP1/IFN-7 populations expressed levels of class I MHC
antigens equivalent to 6L, both remained tumorigenic. Simi
larly, studies with CT-26, a tumor that normally expresses class
I MHC antigens, showed that while parent CT-26 cells grew
rapidly in BALB/c mice, CT-26/IFN-7 cells had dramatically
reduced growth rates. In addition, 6L-A cells derived from nude
mice also expressed equivalent levels of class I MHC antigens
when compared to 6L-B cells, but 6L-A were tumorigenic while
6L-B were immunogenic. The basic difference between these
lines was that 6L-B produced approximately 64 times more
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IFN-7 than 6L-A. Watanabe et al. (9) had similar findings when
comparing C1300 (Mu-7)12 cells (Â¡mmunogenic) to C1300
(Mu-7)3 cells (tumorigenic). These observations are consistent
with the view that the production of IFN-7 by tumor cells

affects more than class I MHC expression.
In contrast to the results of Watanabe et al. (9), 6L cells

appeared to be rejected by a nonspecific host response in our
study. Spleen cells derived from animals immunized with 6L
and passed through a nylon wool column were effectively cy-
totoxic only if retained on the column. Furthermore, these cells
were not inhibited by anti-CD4, -CDS, or -CD3 antisera in
either blocking or depletion experiments. These findings argue
against a specific T-cell response being the effector cytotoxic
cells responding to 6L. However, the same role for T-cells in

the afferent arm of the response to 6L cannot be ruled out since
6L cells grew in nude mice. The nonspecific protection afforded
to 50% of animals given injections of a mixture of 6L and SP1
parent cells also supports a role for "nonspecific" effector cells

the nature of which has yet to be defined. This view is further
substantiated by the "nonspecific" cytotoxic response detected

against the unrelated MDW1 cells. The mechanism of the
"nonspecific" response induced by IFN-7 could be related to

macrophage activation (16) but precisely how IFN-7 produces

its effect remains unclear.
While Watanabe et al. (9) reported that C1300 (Mu-7)12

cells could induce a protective response against a challenge with
nontransfected cells, this was not seen with the 6L cells. Mul
tiple immunizations with either viable or X-irradiated 6L cells
(data not shown) produced protection in 50% of animals chal
lenged with 1 x 10" SP1 cells. This difference from the C1300

cells may be due to the inherent weak immunogenicity of SP1
cells.

These studies support the contention that class I MHC
expression is necessary but not sufficient for the induction of a
host response to tumors. This is in agreement with the findings
of Carlow et al. (17), who used 5-azacytidine to induce class I
expression in these same SP1 cells. It is also compatible with
the report of Cole et al. (18). However, others have reported
that the expression of class I MHC antigens can dramatically
enhance the immunogenicity of tumor cells (19, 20). While this
paper may not resolve this controversy, it emphasizes that the
production by tumor cells of IFN-7 can increase class I MHC
antigen expression, but it is the direct effect of IFN-7 on host
cells that prevents the growth of IFN-7-producing cells.

These findings also imply that for weakly immunogenic tu
mors, class I MHC expression or IFN-7 production alone or in

combination can produce only a weak protective response
against a parent tumor challenge. It appears that at least one
additional factor may be needed to achieve such a response.
Ongoing studies in our laboratory support the view that the
presence of an unrelated alien surface antigen such as influenza
virus hemagglutinin can overcome this difficulty.
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