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ABSTRACT

Transfection of the undifferentiated murine colon carcinoma line CT-
26 with the gene coding for the hemagglutination antigen (HA) of
influenza virus resulted in the generation of highly immunogenic tumor
cells. CT-26 cells transfected with HA not only failed to grow in syngeneic
mice but also protected normal animals against a challenge with otherwise
lethal doses of parental nontransfected cells. The immunogenicity of 11A-
transfected cells appeared to correlate with surface HA expression in
that tumorigenic clones of HA-transfected CT-26 cells expressed little
HA, while immunogenic clones were high expressers of HA. Irradiation
of immunogenic HA clones did not abrogate their immunogenicity. These
observations demonstrate that immune recognition of a poorly immuno
genic tumor can be produced by immunization with rumor cells expressing
a defined, foreign cell surface antigen.

make use of its potential enhancement of the immune response
to a tumor), we sought to induce the expression of a predefined,
foreign antigen on the tumor cell surface. For this purpose,
recombinant DNA techniques were used to transfer the gene
encoding the HA of influenza virus into murine tumor cells.
Our approach is similar to that used by Kobayashi et al. (13,
14), who induced expression of foreign genes in tumor cells by
viral infection. The present approach has the advantage, how
ever, of not subjecting cells to the numerous biochemical
changes (including lysis and cell death) associated with live
virus infection. This report describes our initial results with this
approach and demonstrates that transfection with the HA gene
of influenza virus can confer cross-protective immunity against
a challenge with nontransfected parental cells.

INTRODUCTION

Over the past 10 years, mutagen or drug treatment has been
used to induce immunogenic variants from poorly or nonim-
munogenic murine tumors (1-7). These variants have been
shown to generate allograft-like responses in syngeneic hosts
and to protect against a challenge with normally lethal doses of
parental tumor cells (3-5). In some cases, such Imm+ variants3

have been able to cause the regression of established mÃ©tastases
in mice (8). The development of mutagen-induced immune
variants has raised hopes that specific immunological ap
proaches might be applied to the therapy of neoplasia. However,
the adaptation of this methodology to the treatment of human
cancer, although theoretically possible, remains currently im
practical (9). One reason for this is that the basis for the
immunogenicity of mutagen-induced Imm' variants is un
known, and no direct means are available for selecting Imm"

variants from the parental populations other than cumbersome
biological assays.

The properties of Imm+ variants have been explained by the
concept of associative recognition (10-12), which states that
single cell surface antigenic differences are insufficient for the
induction of an immune response. The addition of a second
antigen to the cell surface not only provides for a response to
itself but also induces immune recognition of the original
unrelated surface antigen. This explanation is supported by
evidence that Imm ' variants express unique antigens as well as

antigens shared with the parental tumor (2-4).
To test the hypothesis of associative recognition (and possibly
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MATERIALS AND METHODS

Animals. Female BALB/c mice, 6-8 weeks old, were obtained from
the NCI-Frederick Cancer Research Facility Animal Production Cen
ter. Mice were maintained in pathogen-free conditions at the University
of Texas System Cancer Center.

Cell Lines. CT-26 is an undifferentiated murine colorÃ©ela!adenocar
cinoma cell line (IS) established from a /V-niiroso-.V-mcthyluri'than-

induced transplantable tumor (16) and was generously provided by M.
Brattain, Baylor College of Medicine, Houston, TX. The cells were
tested for the presence of Mycoplasma using the Gen Prob RNA
hybridization method (Gen Prob, San Diego, CA). In addition, the cells
were tested with the murine antibody production test (Microbiological
Associates, Bethesda, MD) and found to be free of 13 murine patho
genic viruses.

Culture Methods. Cell lines and clones were maintained in Dulbecco's
modified Eagle's medium (Grand Island Biological Company, Grand

Island, NY), supplemented with 50,000 units penicillin G, 50,000 units
streptomycin, 150 mg L-glutamine, 20 HIMAL2-hydroxyethylpipera-
zine-/V"-2-ethanesulfonic acid, 375 mg sodium bicarbonate, and 50 ml

fetal bovine serum in 500 ml medium. Cultures were grown as mono-
layers at 37'C in 5% CO2 at 50-100% humidity. Cells were detached
and harvested by a 1 min incubation at 37*C with 0.05% trypsin and

0.02% EDTA in phosphate-buffered saline.
Cell cloning was performed by seeding cells in 0.2 ml of medium per

well in 96-well tissue culture plates (Costar, Cambridge, MA) at a
density of 0.5 cells per well. After incubation, readily identifiable single
colonies were harvested and propagated as clones.

Micrometastasis Assay. The presence or absence of lung microme-
tastases was assessed by removing selected target organs and culturing
the tissue in vitro. When tumors reached 2-3 cm, the animals were
killed, and the lungs were removed, gently forced through a metal sieve,
placed in culture, and observed for in vitro cell growth.

Transfection of Cells with DNA. DNA was introduced into CT-26
cells as a coprecipitai e with calcium phosphate (17, 18). The neo 4 cell
line was obtained by transfection of a mixture of l Â¿igof the plasmid
vector pSV2neo (19) and 10 ng of human placenta! DNA as carrier.
The neo 4. 9A, and 9B lines were each obtained by transfection of a
mixture of l /ig of pSV2neo, 10 ng of pBV-lMTHA (20), and 10 ^g of
human placenta! DNA. pBV-lMTHA is a bovine papilloma virus
expression vector containing the murine methallothionein promoter
and the HA gene of the A/Jap/305/57 H2N2 strain of human influenza
virus (generously provided by L. Rogers, M. J. Gething, and J. Sam-
brook, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY).
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After cells were exposed to the precipitate for 4-6 h, they were washed
once with Hanks' balanced salt solution without Ca24 or Mg: *and then

shocked for 2 min at room temperature with a 15% solution of glycerol
in Dulbecco's modified Eagle's medium. The cells were then washed
twice with Hanks' balanced salt solution and incubated in Dulbecco's
modified Eagle's medium with 10% fetal bovine serum at 37Â°C.After

48 h of incubation, selection in G418 (0.4 mg/ml) was begun. Surviving
colonies were visible after approximately 14 days.

Flow Cytofluorometry. Quantitative analysis of HA cell surface
expression on transfected cells and preparative sorting of cells on the
basis of HA expression were performed using a FACS. Cells were
trypsinized and incubated with a 1:500 dilution of a high-liter rabbit

antiserum specific for the A/Jap/305/57 (generously provided by L.
Rogers, M. J. Gething, and J. Sambrook) for 30 min at 4Â°C.After

repeated washings, the cells were incubated with fluorescein isothiocy-
anate-conjugated goat anti-rabbit IgG antibody at 4Â°Cfor 30 min. After

further washing, the cells were examined by cytofluorometry.
Southern Blot Analysis. DNA was purified from cells using proteinase

K digestion and phenol-chlorofrom extraction as described previously
(21). Digestion with restriction endonucleases was carried out using the
manufacturer's recommended conditions. Electrophoresis, hybridiza

tion to radiolabeled probes, and washing conditions were as described
(22). The probe used to detect the transfected HA gene was the 2.5-
kilobase Xhol-BamHl fragment from pBV-lMTHA (20).

Assessment of T-Cell Cytotoxicity. T cell cytotoxicity was measured
using a previously described '"In isotope release assay (23). BALB/c
mice were immunized by an s.c. injection of 5 x IO5 test cells. Two

weeks later, their spleens were removed and cultured in vitro with
mitomycin C-treated tumor cells for 5 days. The secondarily stimulated
splenic effector cells were used at an effector:target ratio of 100:1, with
radiolabeled tumor cells used as targets.

Tumor Cell Injections. Freshly harvested CT-26 or HA-transfected
cells were injected s.c. in the left flank. All parent tumor challenges
were injected s.c. in the right flank. The decision to kill any group of
animals was made by animal facility senior personnel and was based
on humanitarian grounds, i.e., massive tumor size and necrosis. To
reduce any bias, the cages were coded and the animal care personnel
had no knowledge of the experimental history of the animals.

tumor on day 10 and rechallenge with 1 x IO5 CT-26 cells s.c.

on the contralateral side, failed to demonstrate any protection
against tumor challenge in 6 of 6 animals. Furthermore, CT-
26 cells did not engender a CTL response (see below). However,
nonviable irradiated CT-26 cells were able to protect against
challenge with 1 x 10s CT-26 cells, but only when the immu
nizing dose was 5 x IO6 or greater and three immunizations
were used. Single immunizations with 1 x 10s irradiated CT-
26 cells failed to protect against a challenge with 1 x 10s CT-

26 cells.
Effect of Transfections with HA Expression Vector on the

Growth of CT-26 Cells. In preliminary experiments, several
expression vectors were tested in an effort to induce high-level
expression of the HA gene in CT-26 cells. These vectors in
cluded pSV2neo and related constructs containing other regu
latory elements as well as retroviral vectors. The highest level
of expression of HA was seen with a bovine papilloma virus
expression vector (pBV-1), in accord with previous studies
performed with other murine cell lines (20).

In our first studies, 2 transfected cell lines were compared
with parent CT-26 cells for growth in vivo (The derivation of
these lines is shown in Fig. 1.) The neo-4 cell line was trans
fected with pSV2neo, while neo-9 was cotransfected with
pSV2neo and the HA expression vector. Both neo-4 and neo-9
represented pools of 10-50 geneticin-resistant clones from a
single flask of transfected CT-26 cells. There were approxi
mately 50-100 copies of the HA gene per neo-9 cell as assessed
by Southern blotting (data not shown). When neo-9 cellular
DNA was analyzed without restriction endonuclease digestion,
all HA sequences were present in DNA fragments longer than
25 kilobases, suggesting that the HA gene copies were inte
grated into the chromosome or concatamerized into large ex-

CT-26ParentTumor

RESULTS

Growth and Immunogenicity of CT-26 Tumor Cells in BALB/c
Hosts. Table 1 demonstrates that as few as IO3 CT-26 cells

injected s.c. resulted in progressive tumor growth in 50% of
animals. Challenge doses of 10s CT-26 cells resulted in palpable

tumors in 80% of the animals by day 10, followed by progressive
tumor growth in 100% of the animals with death occurring at
28-32 days. The i.v. injection of as few as IO3 CT-26 tumor

cells led to progressive tumor growth within the lungs and death
in 20 Â±1.4 days. When I x 10s cells from 15 individual clones

of CT-26 were also injected s.c. into groups of 3 mice, every
clone produced a tumor in all 3 mice, implying that (nini*

variants were uncommon in the parental cells.
CT-26 was found to be poorly immunogenic. The s.c. injec

tion of 1 x IO5CT-26 cells, followed by resection of the primary

Table 1 Induction of tumors in syngeneic mice by CT-26 cells

Groups of syngeneic BALB/c mice were given s.c. injections of increasing
numbers of CT-26 cells. The results are expressed as the number of animals with
palpable tumors/total number of animals given injections.

Time after
injection

(days)7

11
17
23
31No.

of cellsinjectedIO20/8

0/8
0/5
0/5
1/8IO30/8

0/8
0/51/54/8IO40/8

0/8
5/8
6/86/810'0/8

9/11
9/11

11/11
11/1110Â«2/3

3/3
3/3
3/33/3

Transfert with

pSV2-neo

Transfect with

pBPV-lMTHA and pSV2-neo

Cell Line

Neo-4

FACS-3

Clone

Fig. 1. Schematic for deriving the transfected cell lines and clones.
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trachromosomal elements (the BPV-1MTHA plasmid itself is
only 13 kilobases long).

Neo-4 and neo-9 were compared with CT-26 with regard to

tumor growth after their s.c. inoculation in syngeneic animals.
Mice given injections of either CT-26 or neo-4 developed
tumors larger than 10 mm by day 10 and 12, respectively (Table
2). In both groups, tumor size increased progressively and the
animals were killed at days 28 (CT-26) and 30 (neo-4) because
of extensive tumor necrosis. In contrast, neo-9 cells did not
produce tumors of similar size until day 20, and this group
survived to day 60. In addition, micrometastases were observed
in the lungs of animals bearing CT-26 and neo-4 tumors, but
none were detected in the lungs of animals with neo-9 tumors.
These findings suggest that (a) transfection with a HA expres
sion vector rendered CT-26 cells less tumorigenic in vivo, pre
sumably through an immunogenic mechanism (see below); (b)
neither the transfection process itself nor the induction of G418
resistance was sufficient to induce this Imm ' phenotype; and

(c) the immune response generated may be more effective
against mÃ©tastasesthan against the primary tumor.

Selection of the FACS-3 Line. It was hoped that the neo-9
line would be fully immunogenic, but this proved not to be true
(Table 2). However, neo-9 was established from a pool of many
G418-resistant colonies. FACS analysis demonstrated that HA
was being expressed to various degrees by neo-9 cells (see
below). In addition, we expected that the degree of HA expres
sion would correlate with immunogenicity. With this in mind,
we selected cells expressing the greatest amount of HA using
anti-HA antibody and FACS. For this purpose, neo-9 cells were
incubated with rabbit anti-HA antisera and fluorescein-conju-
gated goat anti-rabbit IgG. The most fluorescent 5% of the cells
were collected and expanded in in vitro culture. The procedure
was repeated by selecting the most fluorescent 5% on a second
FACS run and the brightest 15% on a third run. The cells from
the last sort were expanded in culture and designated FACS-3
(Fig. 1).

Table 3 compares the growth characteristics of FACS-3 and
CT-26 parental cells. CT-26 grew in 100% of the animals given
injections with as few as 1 x 10" cells (also see Table 1). In
contrast, FACS-3 cells failed to induce tumors in any animals
given injections of 1 x ID4 cells and successfully grew in only
10% of animals given injections of 1 x 10s cells. Only at a dose
of 1 x 10* cells or greater did 100% tumor take occur. These
findings demonstrated a 100-fold decrease in the tu morigeri id ty
of CT-26 cells selected for HA expression by fluorescent cell
sorting.

Histology of FACS-3 and CT-26 Cells in Vivo. The injection

Table 2 Comparative growth of CT-26, neo-4, and neo-9 tumor cells
Groups of 8 animals were given s.c. injections of 5 x 10s CT-26, neo-4, or

neo-9 tumor cells. Tumor size was measured with calipers after tumors became
palpable.

Time after injec
tion(days)710121420Survival*Metastasis''

(Lung)CT-26

(mm)7
Â±3"18
Â±718
Â±618
Â±625
Â±928

days+(8/8)'Neo-4

(mm)5Â±211

Â±415Â±620

Â±830

days+(6/8)Neo-9

(mm)4Â±14Â±26Â±39Â±460

days-(0/8)

' Mean Â±SD.
"Animals were killed at these times because of tumor size and necrosis.
' Metastasis was measured by removing the lungs from individual animals and

placing them in culture. No microscopic mÃ©tastaseswere seen.
d Numbers in parentheses, number of animals with micrometastases/number

of animals studied.

Table 3 Tumorigenicity of FACS-3 in syngeneic hosts

Groups of BALB/c mice were given s.c. injections of various doses of parental
CT-26 or FACS-3 cells. Tumor growth was assessed every other day. Those
animals without tumors were observed for 120 days, after which all animals were
killed.

Tumor cell dose

1 x IO3 1 x 10* 1 x 10s 5x10Â» ix 10Â«

CT-26
FACS-3

4/8Â°
NT*

10/10
5/5

6/6 10/10 10/10... 0/11 4/41 8/10

"Number of animals with tumors/number of animals tested.
* NT, not tested.

Table 4 Effect of immunization with FACS-3 on the growth of CT-26 parent cells
Groups of BALB/c mice were immunized with 1 or 5 x 10s FACS-3 cells by

s.c. injection. Fourteen days later animals were challenged with 1 x 10s CT-26
cells s.c. on the contralateral side. The animals were then observed for tumor
growth. In this experiment control animals all developed tumors within 17 days
(1 x 10*) and 11 days(l x IO5).

Immunization Route of im- Challenge Growth of Growth of
Experiment dose munization dose FACS-3 CT-26

12341 xIO51
x10s5x

10s1
X 10'S.C.s.c.S.C.S.C.*1

xIO11
x10*1
x10'1
x 10!0/60/65/1510/260/60/61/10Â°0/16Â°

2977

Â°Only animals without FACS-3 growth were used for CT-26 challenge.
* Four weekly injections of FACS-3 were performed followed by CT-26 chal

lenge 7 days after the last immunization.

of 1 x 10s CT-26 cells resulted in a palpable tumor within 10
days. Resection of the CT-26 inoculation site at various times
after injection followed by histolÃ³gica!examination of the tissue
revealed a mononuclear cell infÃltrateoccurring from days 3
through 6, but continued tumor growth with local invasion and
expansion beyond the injection site by day 6. In contrast, FACS-
3 cells (at a dose of 1 x IO5 s.c.) demonstrated early growth
(day 1-day 3) followed by the development of a mononuclear
infiltrate that intensified with time. The tumor cells failed to
expand or invade and, by day 11, only areas of mononuclear
cell infÃltratecould be seen.

Use of FACS-3 for the Immunization of BALB/c Mice against
a Challenge with Parental CT-26 Cells. Animals immunized by
the s.c. injection of 1 x IO5 FACS-3 cells were resistant to a
subsequent challenge with 1 x 10"-1 x 10s CT-26 cells (Table

4). When larger immunization doses or multiple immunization
protocols were used, FACS-3 itself grew in 33 or 38% of the
animals, respectively (Table 4). In those animals in which
FACS-3 failed to grow, however, protection against a challenge
with 1 x IO5 CT-26 parental cells was observed. Animals
rejecting a CT-26 challenge survived for 90 days, at which time
they were killed.

Immunogenicity of FACS-3 Clones. As shown in Tables 3 and
4, FACS-3 were capable of growth in 4 of 53 animals given
injections of 1 x 10s cells or in 5 of 15 animals given injections
of 5 x 10s cells. To explain this growth, we hypothesized that

some of the cells originally selected by cell sorting either were
unstable for HA expression or expressed sufficient HA to be
selected by the sorter but insufficient amounts to be strongly
immunogenic. Since the transfected cells were found to be
stable,4 the latter appeared more likely; i.e., FACS-3 could

contain fully competent immunogenic cells admixed with cells
with reduced immunogenic or frankly tumorigenic phenotypes.
This assumption was tested by cloning FACS-3.

Twenty-one clones of FACS-3 were selected by limiting di
lution. Of these, 7 were tumorigenic in at least 1 of 3 animals
after an s.c. injection of 1 x IO5cells. Fourteen clones failed to

4T. Itaya et al. Stability of immunogenicity of hemagglutination antigen

transfected murine tumor lines, manuscript in preparation.
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grow in all 3 animals given injections of 1 x IO5 cells in the

initial screening experiment. Subsequent analyses of each of
these clones (see below) demonstrated that FACS-3 consisted
of 3 populations; tumorigenic (Turn*), PP, and FP. Neither the

FP nor PP clones grew in BALB/c mice at doses as high as
106-107 cells. In contrast, as few as 104-105 cells of the Tum+

clones (clones 1, 13, 17, 21, 22) resulted in tumors (Table 5).
Five FP or PP clones were tested for growth in nude mice and
all 5 clones grew (Table 5).

The distinction between FP and PP clones became apparent
in challenge studies. Animals were immunized by s.c. injection
with 1 x 10s or 1 x IO6 cells from individual clones and
subsequently challenged with parental CT-26 cells. While PP

clones failed to grow in BALB/c mice, they did not provide a
large degree of protection against a CT-26 challenge. Thus
more than 50% of mice challenged with 1 x 10s CT-26 cells

developed tumors even when previously immunized with 1 X
10' cells of the PP clones. In contrast, each of 4 FP clones was
shown to significantly protect against a CT-26 challenge (Table
6). Clones 5 and 18 appeared to be more cross-protective with

a single immunizing dose than clones 6 and 9. It was also
notable that although over 100-fold protection was generated

by clones 5 and 18, protection was limited by the challenge
dose; i.e., these immunogenic clones could not protect against
a challenge with 1 x IO6 CT-26 cells.

Table 5 Growth of FACS-3 clones in BALBlc mice
Groups of BALB/c mice were given s.c. injections of different doses of FACS-

3 clones and assessed for tumor growth for 90-180 days. Cells (1 x 10s) from

selected clones were also injected into nude mice.

Tumor celldoseClonesImm*

(FP)56918Imm*

(PP)4710Turn*1131721221

xIO4NT-NTNTNTNTNTNT3/60/62/60/40/61xIO50/9*0/90/90/90/90/90/87/92/32/85/93/91xIO60/60/60/60/60/60/60/6firnwth
innude1

X10'0/50/60/100/130/60/52/2NTNTNTNTNTmiceNT4/43/34/44/44/4NTNTNTNTNT

Â°NT, not tested.
* Number of animals with clones/number of animals tested.

Table 6 Immunoprotection against a CT-26 challenge by preimmunization with
FACS-3 clones

Groups of BALB/c mice were immunized by s.c. injection with HA-transfected
immunogenic clones. Animals were subsequently challenged with different doses
of nontransfected CT-26 parent cells 14 days later and assessed for tumor growth.
Results are expressed as number of animals with tumors per number of animals
given injections. In this experiment 6 of 6 control nonimmunized animals had
tumors by day 12.

Clone5691856918No.
of immu- Immunization

nizationsdose11112222x
10sx
10sx
10sx
10sx

10'x
IO5x
10*x

10*Challenge

dose1

x10*0/62/64/60/62/201/61/63/161x10"4/65/64/112/32/36/8

Correlation of Immunogcnicity of FACS-3 Clones with Cell
Surface HA Expression. The experiments reported above were
based on the hypothesis that immunogenicity of transfected
tumor cells is directly related to their HA expression. Therefore,
HA expression was compared in Turn"1",PP, and FP clones, as

well as in parent CT-26 and uncloned FACS-3 cells. Fig. 2
demonstrates the fluorescence intensity distribution of these
cells based on binding of fluorescein-labeled goat anti-rabbit
immunoglobulin to cells pretreated with rabbit anti-HA anti
body. Parent CT-26 cells expressed no detectable HA by FACS
analysis, while FACS-3 expressed considerable amounts on the
cell surface. Clones 1 and 21 were poor expressors of HA,
consistent with their poor immunogenicity. While some cells
in clone 21 did express HA, this level of expression was appar
ently insufficient to produce an immune response. In contrast,

clones 4, 5, 7, and 18 did express HA in appreciable amounts.
However, only clones 5 and 18 conferred significant protection
against a CT-26 challenge. Thus, while HA expression as
assessed by FACS analysis could readily distinguish between
tumorigenic and nontumorigenic clones, it could not defini
tively distinguish between FP and PP clones.

Although there were clear differences in HA expression be
tween tumorigenic and immunogenic clones (as assessed by
FACS analysis such as shown in Fig. 2), there was little differ
ence between the clones in terms of the number or re
arrangements of HA gene sequences as determined by Southern
blot analysis (Fig. 3).

Immunogenicity of Irradiated Clone 18. Since 1mm+ variants

engendered by mutagens lose their immunogenicity after irra
diation or mitomycin C treatment (24),5 it was of interest to

determine whether cells expressing HA retained their immu
nogenicity after being rendered incapable of replication. Clone
18 cells were treated with 12,000 R and 1 x 10s cells were used

L_ L

FLUORESCENCE INTENSITY

Fig. 2. Fluorescence intensity distribution based on the binding of fluorescein-
labeled goat anti-rabbit immunoglobulin to FACS-3 clones pretreated with rabbit
anti-HA antibody, a, CT-26; A, FACS-3; c, clone 1 (Turn*); d, clone 21 (Turn*);
e, clone 4 (Imm*, PP);/, clone 7 (Imm*, PP); g, clone 5 (Imm*, FP); h, clone 18

(Imm%FP).

' A. Sella, B. Hunt, and P. Frost, submitted for publication.
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abcdefghijk

â€” â€” -2.1

Fig. 3. HA sequences in CT-26-derived cells. DNA was purified from CT-26
cells and its transformed derivatives and subjected to Southern blot analyis as
described in "Materials and Methods." DNA was digested with //Â¿Â«dilland
/fumili, and the blots probed with an HA gene fragment. The 2.1-kilobase
fragment represents the expected size if no rearrangement occurred during trans
fection or cell growth. The larger fragments represent rearrangements with host
cell or vector sequences. Lane a, clone 4; lane b, FACS-3; lane c, CT-26; lane d,
clone 22; lane e, clone 19; lanef, clone 7; lane g, clone 6; lane h, clone 9; lane i,
clone 18; lane j, clone 5; lane k, clone 13.

Table 7 CTL response of animals immunized with FACS-3 or FACS-3 clones
Groups of 3-5 BALB/c mice were immunized with 5 x 10' FACS-3 or 1 of 4

FACS-3 clones. Spleens were removed on day 14, Â»stimulated in vitro with the
same cells as used in immunization, and assessed for the presence of CTL activity.

Immunizing
cellsCT-26FACS-3FACS-3FACS-3Clone

18Clone
18Clone
18Clone
18Clone
6Clone
6Clone
7Clone
4Clone
4Clone

4TargetsCT-26FACS-3CT-26MDW-1"Clone

18Clone
4CT-26MDW-1Clone

6CT-26Clone

7Clone
4Clone
18CT-26%

of cytotoxicity
Â±SD055

Â±717
Â±3.5055

Â±425
Â±86Â±8030

Â±7036

Â±0.943
Â±8.526

Â±312Â±
11

" MDW-1 is an unrelated DBA/2 tumor, which served as a specificity control.

to immunize a group of 6 mice. All animals were resistant to a
challenge with 1 x 10s CT-26 cells, with no tumors appearing

by day 72 (data not shown).
Induction of a Cytotoxic T-Cell Response by FACS-3 and

FACS-3 Clones. Animals immunized with FACS-3, FP, or PP
clones were able to induce a CTL response in the spleens of
BALB/c mice (Table 7). CT-26 cells did not produce a CTL
response in any experiment. With FACS-3 cells and derived
subclones, the CTL response was most effective against the
target identical to the immunizing cell. Despite the in vivo
protection against CT-26 challenge afforded by clones 6 and
18, no cross-reactive CTL response could be detected in vitro.
This result agrees with previous observations that CTL re
sponses may show that an immune response has occurred but
that CTL may not be the critical effectors (of immune recog
nition) in vivo. This point is further emphasized by the obser
vation that PP clones 4 and 7 were able to induce a CTL
response similar to clones 6 and 18 (Table 7) but failed to
protect against a CT-26 challenge in vivo.

Reproducibility of the Effect of HA '1'ransfcdÂ¡on:The Inimu-

nogenicity of Lines FACS 1 and FACS 2. The studies described
above were performed with a pool of colonies obtained from
one transfection plate; FACS-3 and its subclones were derived
from neo-9 (see Fig. 1). To confirm that these results were not
confined to a single transfection experiment, we performed
additional studies with pools of G418 selected colonies from
two additional transfection experiments. These cells were ex
panded and selected by FACS analysis using anti-HA antibody
as described for the FACS-3 cell line. The brightest 15% of
cells were selected. The cells were expanded and the selection
process was repeated to derive cell lines FACS-1 and FACS-2
(Fig. 1).

FACS-1 and FACS-2 cells, as well as 15 clones derived from
each, were injected s.c. into groups of 3 animals at a dose of 1
x 10*cells/mouse. Control animals received parent CT-26 cells
or clones derived from CT-26. All 15 CT-26 clones and parent
CT-26 cells produced tumors in all animals within 10 days. In
contrast, parental FACS-1 cells and all but one FACS-1 clone
failed to produce tumors 56 days after injection. FACS-2 pa
rental cells produced a tumor in 1 of 3 mice 38 days after
injection. This tumor had only reached 2 cm at the time the
experiment was terminated. Of the 15 FACS-2 clones, 10 failed
to produce tumors 56 days after injection. Five clones and
parent FACS-1 cells were used to immunize BALB/c mice. The
clones were selected on the basis of their HA expression as
determined by FACS analysis. Two clones, N and D, protected
against a challenge with 1 x 10s CT-26 cells in 8 of 8 mice at

60 days. These findings demonstrate that the production of
immunogenic variants from CT-26 cells by HA transfection
was reproducible.

DISCUSSION

The results presented above demonstrate that expression of
the transfected gene for influenza virus HA antigen on the
surface of murine tumor cells can confer an immunogenic
phenotype upon these cells. Not only were CT-26 cells rendered
incapable of growth in syngeneic hosts but, more importantly,
they could protect against a challenge with parental (nontrans-
fected) tumorigenic cells.

These experiments were originally conceived with the view
that immune associative recognition could produce a response
against cells bearing a weak undefined antigen. Thus, in our
model we presume that the CT-26 tumor expresses an antigen
incapable of inducing an immune response on its own. The
addition of a second foreign antigen to the cell surface may
produce a hapten-carrier-like effect. The HA molecule may act
as a potent immunogen that engenders an immune response
against itself as well as the putative tumor antigen. This hy
pothesis, while reasonable, remains to be proved with certainty
since the mechanism by which such a proposed associative
recognition occurs remains obscure.

That the observed inhibition of tumor growth is an immune
phenomenon is supported by several findings. Transfected cells
that failed to grow in immunocompetent BALB/c hosts grew
in BALB/c nude mice in a manner indistinguishable from the
parent CT-26 cells. Tumors that failed to grow in BALB/c mice
developed a mononuclear cell infiltrate. In addition, the im
munogenic variants produced a CTL response in normal hosts.

Evidence that HA expression rather than transfection itself
(25) is the basis for these results derives from the nonimmu-
nogenicity of cells transfected with pSV2neo alone and the
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observed correlation of HA expression with the lack of tumor-
igenicity of the FACS-3 clones.

The use of viral antigens to enhance tumor cell immunoge-

nicity was first proposed by Lindenmann, who used influenza
virus oncolysates (26, 27). He believed that oncolysis resulted
in the release of cell surface materials associated with viral
envelope proteins. Such an association of viral and cell surface
antigens was postulated to provide a hapten-carrier-like effect
that could induce a subsequent immune response against the
cellular antigen. Kobayashi et al. (13, 28) used a similar ration
ale but infected the cells with virus and used these cells (rather
than an oncolysate) to immunize against tumors. The basis of
this approach was that cell surface expression of viral antigens
would provide the same hapten-carrier effect described by Lin-

denmann.
Our approach is more akin to that of Kobayashi et al. (13,

28) in that cell surface viral antigen expression was used.
However, the transfection system described herein offers the
advantage of not subjecting the cells to the deleterious effects
associated with viral infections. However, since both transfec
tion and infection have been shown to confer immunogenicity
on tumor cells, both approaches deserve further investigation.

A related approach has also been used by investigators who
transfected tumor cells with histocompatibility complex genes
(29-31). In some studies an isogenic class I gene was used to
transfect cells with reduced expression of endogenous class I
antigens; in other cases an allogeneic class I gene was used. It
is possible that transfection with a foreign gene (such as HA)
as well as a class I gene could produce greater immunogenicity
than either gene alone. Experiments to test this hypothesis are
in progress.

Have we improved on the mutagen-induced immune variant
model? One obvious improvement is in the knowledge of the
nature of the new antigen; it is no longer a mysterious entity,
but the HA protein. With this knowledge, we could correlate
antigen expression and tumorigenicity. It has also made avail
able a way to select cells with high levels of HA expression by
straightforward immunological techniques such as FACS,
rather than cumbersome in vivo selection methods.

These observations are still in their early stages. We have
probably not chosen the optimal gene for transfection and have
not completely avoided the need for cloning. Furthermore we
are not certain about the stability of expression of HA, although
recent analyses have shown a decrease in HA expression in
some clones after 3 months (4). The ultimate adaptation of this
approach to clinical use will require a determined effort to
select the most appropriate gene and the ability to use bulk
FACS-selected populations rather than clones. Furthermore,
the elimination of established tumor is a far more demanding
end point than protection against challenge.
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