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Treatment of Established Renal Cancer by Tumor
Cells Engineered to Secrete Interleukin-4

PauL T. GOLUMBEK, AUDREY J. LAZENBY, Hyam 1. LEVITSKY,
L1z M. JAFrFEE, HAJIME KARASUYAMA, M1TZI BAKER, DREW M. PARDOLL*

The generation of antigen-specific antitumor immunity is the ultimate goal in cancer
immunotherapy. When cells from a spontaneously arising murine renal cell tumor
were engineered to secrete large doses of interleukin-4 (IL-4) locally, they were
rejected in a predominantly T cell-independent manner. However, animals that
rejected the IL-4—transfected tumors developed T cell-dependent systemic immunity
to the parental tumor. This systemic immunity was tumor-specific and primarily
mediated by CD8™" T cells. Established parental tumors could be cured by the systemic
immune response generated by injection of the genetically engineered tumors. These
results provide a rationale for the use of lymphokine gene—transfected tumor cells as a

modality for cancer therapy.

UMOR IMMUNITY (1) IS DEPENDENT
on the existence of antigens within
tumors that can be recognized as
foreign by the host immune response. Spon-
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taneously arising tumors, in contrast to
chemically or virally induced tumors, were
thought to not express tumor-specific anti-
gens that can elicit an immune response (2).
Thus, researchers questioned the usefulness
of immunotherapy experiments performed
with tumors induced by carcinogens or vi-
ruses. However, because cancers arise from
the accumulation of multiple mutational
events within the same cell (3), peptides
from the mutated proteins may bind to
major histocompatibility complex (MHC)

class I molecules (4). These peptides, unique
to the tumor cells, may serve as targets for a
specific cytotoxic T cell (CTL) response.
CTLs can recognize peptides derived from
point-mutated intracellular proteins for tu-
mors rendered immunogenic by mutagen
treatment (5). Tumors that are less immu-
nogenic can also be recognized by MHC
class I-restricted, CD8™ cytotoxic T cells if
the tumor-cells are engineered by gene trans-
fection to secrete interleukin-2 (IL-2) (6).
The local secretion by tumor cells of a helper
lymphokine critical for CTL activation ap-
pears to bypass a deficient helper T cell arm
of the immune system.

We examined the immunologic conse-
quences of introducing tumor cells engi-
neered to secrete the helper lymphokine
IL-4, which participates in the regulation of
growth and differentiation of B cells and T
cells and in the generation of CTLs (7). IL-4
induces different genes, such as lipase, in
activated CTLs than IL-2 induces, and the
difference correlates with increased lytic
function (8). Because of questions about the
antigenic status of chemically or virally in-
duced tumors (2), we studied a spontane-
ously arising renal cell carcinoma derived
from a BALB/c mouse. When small num-
bers of Renca cells (1 x 10?) are injected
into BALB/c mice, they are not rejected.
When injected under the renal capsule,
Renca displays a metastatic pattern similar
to human renal cell carcinomas (9).

Renca tumor cells were transfected with a
murine IL-4 cDNA in a bovine papilloma
virus expression vector containing the hy-
gromycin-resistance gene (10). Transfec-
tants were selected in hygromycin, and
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Fig. 1. Growth of Renca-TK and Renca—IL-4C
in BALB/c wild-type, CB17 SCID and BALB/c
nu/nu mice, BALB/c mice (10 per §roup) were
injected subcutaneously with 1 x 10° cells on the
left hind leg and tumor growth was observed.
Tumor growth was assessed twice per week. As a
control for potential effects of the vector se-
quences, the Renca-TK line was transfected with
the identical PBCMG-neo vector as Renca-IL-
4C, but with the HSV-TK gene instead of the
IL-4 gene. O, Renca-TK in SCID; @, Renca-TK
in BALB/c; O, Renca-IL-4C in BALB/c; A,
Renca-IL-4C in SCID; and M, Renca-1L-4C in
nude.
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clones were assayed for their ability to se-
crete bioactive IL-4. The highest producing
clone, Renca-IL-4C, secreted 1500 units/
day per 105 cells as assayed on the IL-4-
sensitive CT4S line (11) and was studied
further. In vitro, Renca-IL-4C had identical
morphology, growth kinetics, and MHC
expression to parental Renca, indicating that
IL-4 does not have any direct cytotoxic or
cytostatic effects on the tumor. When
Renca-IL-4C cells were injected subcutane-
ously into BALB/c mice, they were com-
pletely rejected even at large doses of cells
(up to 2 x 107, Fig. 1). To determine
whether lymphoid cells were involved in the
local antitumor response, we injected
Renca-IL-4C cells into BALB/c mice carry-
ing either the nude (no T cells) or SCID (no
T cells or B cells) mutation, no growth was
seen for the first 2 months, but tumors
eventually grew in all animals, indicating T
cells were important for the ultimate elimi-
nation of the Renca-IL-4C tumor cells.
Histologic examination of the injection
site of Renca-IL-4C in BALB/c mice dem-
onstrated an influx of macrophages and

Fig. 2. Histologic analy-
sis of injection sites of
IL-4 transfected or pa-
rental Renca nimor. (A)
Renca-IL-4C, hematox-
ylin and eosin, showing
infiltrating macrophages
(arrows) and cosinophils
adjacent to the tumor
mass (T). (B) Renca-IL-
4C, hematoxylin and eo-
sin, showing margin-
ation and transmigration
of granulocytes through
the endothelium of a
small vein. (C) Renca-
IL-4C Mac-1 u'nmuno-

mzcrophags. (D) Renca-
IL4C, CD3 i immunoper-
oxidase at 3 days after in-

jection, showing absence
of infiltrating T celks. (E)_
Renca-IL4C, CD3 im-
munoperoxidase at 10
days  after m)ecuon,
showing increasing num-

some granulocytes (Fig. 2, A to C), with
margination of gran and macro-
phages on the endothelium of peri- and in-
tratumor veins and venules (Fig. 2B). Ac-
cording to electron micrographic analysis, the
macrophages had ruffied cell membranes and
large amounts of endoplasmic reticatum and
Golgi apparatus, characteristic of activation.
The granulocytes contained major basic pro-
tein crystals, indicating that they were cosin-
ophils. The predominant macrophage infil-
trate in Renca-IL-4C contrasts with that of
Renca-IL-2 transfectants, which are predom-
inantly infiltrated with T lymphocytes. Renca
tumor cells transfected with the same expres-
sion vector but carrying a control gene,
herpes simplex virus-1 thymidine kinase
(HSV-TK), grew idcntimlly to parental
Renca in BALB/c mice and induced no local
inflammatory response. Systemic administra-

tion of antibody to IL-4 resulted in growth of
Renca-IL-4C tumors in BALB/c mice (12).
Thus, IL4 induced the inflammatory re-
sponse and prompted the rejection of Renca—
IL4C cells. The response was similar to a
report with plasmacytoma and breast carcino-

ing .
bers of infiltrating T cells. (F) Patental Renca from a nommmumzed mouse, hematoxylin and eosin,
demonstrating very rare infiltrating inflammatory cells. (G) Parental Renca from a mouse immunized 2

weeks carlier with Renca-IL-4C, hematoxylin and cosin, showing large

numbers of infil

lymphocytes. (H) Parental Renca from a mouse mmumzed 2 weeks earlier with Renca-IL-4C, CD3

immunoperoxidase, co! that the infil

ymphocytes are T cells. (I) Parental Renca from a

mouse immunized 2 weeks earlier with Renca—ILAC CD8 immunoperoxidase, demonstrating that
many of the T cells are CD8*. Magnification on (A) and (CtoI) X400, 0n (B) % 160. Tumor cells were
injected subcutaneously as in Fig. 1. Hematoxylin and eosin sections were fixed in 10% formalin and
embedded in paraffin wax. For immunoperoxidase staining, tissue blocks were imbedded in OCT and
snap frozen in liquid N,. Frozen sections were fixed in acetone, blocked with goat or rat serum,
incubated for 45 min with primary monoclonal antibody (MAb), washed in phosphate-buffered saline,
and then stained with biotinylated secondary antibody (rabbit anti-rat for Mac-1 and CD8 stains, goat
anti-hamster for CD3 stain). Localization of the antigen-antibody complexes was then done with

Vectastain ABC (Vector labs) and diaminobenzidine developer. P

MAbs were M1/70 [rat

. Primary
antibody to mouse CD3 (16)] 53-6.7 [rat antibody to CD8, (Becton Dickinson Immunocytometry
Systems)], and 500A.2 [hamster antibody to mouse CD3, chain (17)].
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ma lines engineered to secrete IL-4, in which
neither evidence for local infiltration of T cells
at the tumor site nor a systemic immune
response was detected (13). However, immu-
noperoxidase staining of our Renca-IL-4C
tumors showed that, although few T cells
enter the tumor site within the first 5 days
after injection, they infiltrate by the second
week (Fig. 2, D and E).

We next investigated whether the infil-
trating T cells in the Renca-IL-4C tumor
can recirculate and provide systemic immu-
nity to parental, nontransfected Renca tu-
mor cells (Fig. 3A). BALB/c mice immu-
nized with Renca—IL-4C efficiently rejected
parental Renca challenges (1 X 10° cells) at
a distant site. When CD8™* cells were elim-
inated before immunization, parental Renca
challenges could not be rejected. Elimina-
tion of CD4* cells had a much lesser effect:
some late recurrences in the CD4-depleted
mice suggest the participation of CD4™ cells
in long-term “memory” responses. Thus,
although the local rejection of Renca-IL-4C
was prodominantly mediated by non-T cells,
systemic immunity against the wild-type chal-
lenge was dependent on CD8* T cells. Sys-
temic immunity was not caused by circulating
IL-4 or antibodies, because neither was de-
tectable in the serum of these mice. Histolog-
ic analysis of the rejecting challenge tumors
revealed that, in contrast to the immunization
site, CD3"* T cells were a major component
of the infiltrating population during the early
stages of rejection (Fig. 2, F to I). The
tumor-reactive T cells induced by Renca-IL-
4C circulated systemically and were present in
the spleens of mice immunized with Renca—
IL-4C. Splenocytes lysed 5'Cr-labeled Renca
target cells (Fig. 3B). Most of the lysis was
blocked by antibodies to CD8 but not to
CD4, indicating most of the lysis was medi-
ated by classical CD8* CTLs.

To determine whether the systemic CD8-
dependent immune response was antigen-
specific, we immunized mice with either
Renca-IL-4C alone, Renca-IL-4C mixed at
a 10:1 ratio with nontransfected cells of a
second BALB/c-derived tumor (the colon
tumor CT26), or CT26-IL-4B (CT26 line
transfected with the same IL-4 expression
vector and producing equal amounts of L4
as Renca-IL-4C). These mice were then
challenged at a distant site with CT26 tumor
cells (Fig. 4A). Almost all the BALB/c mice
immunized with Renca-IL-4C alone did
not reject the CT26 challenge. However,
BALB/c mice immunized with CT26-1L-4B
or with the CT26 cells mixed into the
Renca-IL-4C inoculation were able to reject
CT26 challenges. When mice were immu-
nized with the same numbers of Renca-IL-
4C and CT26 wild-type cells but at different
sites rather than mixed in the same inocu-
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lum, systemic immunity against CT26 did
not develop. In the crisscross experiment
(Fig. 4B), BALB/c mice rejected a parental
Renca challenge after Renca-IL-4C immu-
nization but not after CT26-IL-4B immu-
nization. The CT26-IL-4A line, which pro-
duces 2% of the IL-4 CT26-1L-4B produces,
was not completely rejected and did not
induce systemic immunity to a parental CT26
challenge (14). These data show that the
immune response generated by tumors pro-

IL-4 production, and requires the antigen at
the site of IL-4 production.

In animal models, although tumor vac-
cines can protect against challenges with
limited numbers of tumor cells, the vaccines
have not in general been able to cure animals
of established tumors (1). We therefore de-
termined whether Renca-IL-4C injections
at a distant site could cure BALB/c mice that
had established wild-type tumors (Fig. 5).
Long-term cures (>160 days) could be ob-

tained when mice were treated with Renca—
IL-4C beginning 6 or 9 days after the

ducing I1-4 locally is tumor antigen-specific,
critically dependent on the amount of local

Fig. 3. Immunity against Renca cells induced by immu-
nization with Renca-IL-4C is dependent on CD8* T
cells. (A) BALB/c mice (10 to 15 per group) that were
either not depleted, depleted of CD4™ cells, or depleted
of CD8* cells were immunized with 1 X 105 Renca-IL-
4C cells in the left hind leg and then challenged 2 weeks
later with 1 x 10° parental Renca cells in the right hind
leg. Tumor growth on the challenge side was assessed
twice per week. O, no depletion; [, CD4 depletion; and
A, CD8 depletion. (B) 1 x 10° Renca-IL-4C cells were
injected subcutaneously into the left flank of BALB/c’
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nized animals were removed and cultured for 5 days with ; me (days)
mitomycin C-treated Renca cells in the presence of IL-2. 254 B

At the end of culture, live cells were mixed with 5!Cr-

labeled Renca targets at different effector-to-target ratios — 20-

in an 8-hour 5!Cr release assay. Also shown are anti-CD4 53

and anti-CD8 blocking of Renca lysis by splenocytes 2 15-

from mice immunized with Renca—IL-4C. In vivo anti- >

body depletions were started 4 weeks before injection of 2 1o-

the Renca-IL-4C tumor. MAb GK1.5 (18) was used for §

CD4 depletions and MAb 2.43 (19) was used for CD8 @ 5

depletions. Ammonium sulfate—purified ascites (0.1 ml

per mouse; titered at >1:2000 by flow cytofluorometry 0 1 .
of thymocytes) was injected intraperitoneally every other 10 100

day for the first 3 weeks and then twice per week ET

afterward. Depletion of T cell subsets was assessed on the

day of tumor injections, 3 and 5 weeks after tumor injection by flow cytometric analysis. The CTL
experiment is representative of three independent studies. Assays were performed as described (4).
Percent specific lysis (cpm,,, — cpm,; /cpm,,.. — cpm,;, X 100) is plotted on the y-axis for various
effector-to-target ratios (E:%‘). For antibody blocking, a 1:200 dilutioh of ammonium sulfate cut
preparations of GK1.5 and 2.43 were added to microwells at the start of >'Cr release assays. @,
Renca-IL-4C, no block; O, Renca-IL-4C, CD4 block; A, Renca-IL-4C, CD8 block; [, unimmu-
nized, no block.
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Fig. 4. Systemic protection induced by local IL-4 production is tumor-specific. (A) BALB/c mice (10
per group) were immunized subcutaneously in the left hind leg with either 1 x 10° Renca-IL-4C cells,
1 x 10% Renca-IL-4C cells mixed with 1 x 10° wild-type CT26 cells, or 1 x 106 CT26-IL-4B cells.
Two weeks later they were challenged with 1 x 10° wild-type CT26 cells. Groups were immunized as
follows: A, Renca-IL-4C + CT26 10:1; (0, CT26-IL-4B; @, Renca-IL-4C. (B) BALB/c mice were
immunized subcutaneously in the left hind leg with either 1 x 10® CT26-IL-4B cells or Renca-IL-4C
cells. Two weeks later, they were challenged with 1 X 10° parental Renca cells. Growth at the challenge
site was assessed twice a week. Groups were immunized as follows: B, Renca—IL-4C; O, CT26-IL-4B.
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introduction of wild-type Renca tumor cells.
Histologic examination of Renca wild-type
challenge sites confirmed that by 6 days after
injection the tumor had invaded surround-
ing tissues, was vascularizing, and therefore
met the standard pathologic criterion for an
established tumor when Renca—IL-4C ther-
apy was started. Also, when the cured mice
were reinjected with parental Renca after
100 days, about 50% rejected the challenge
(14), indicating some level of immune mem-
ory had been generated.

Our results demonstrate that poorly im-
munogenic, spontaneous tumors engi-
neered to secrete IL-4 at high local concen-
trations can generate tumor-specific CD8*
cytotoxic T cells in vivo capable of produc-
ing systemic immunity against the non-
transfected tumor present at distant sites.
The inflammatory infiltrate in the IL-4—trans-
fected tumors is different from that of IL-2—
transfected tumors. Although IL-2 transfec-
tants result in a massive lymphocytic infiltrate,
the predominant infiltrate in the IL-4 trans-
fectants consists of activated macrophages.
This finding and the partial dependence of the
systemic immune response on CD4" cells
suggest that an important role for IL-4 is the:

- recruitment of antigen-presenting cells and

consequent enhancement of tumor antigen
presentation.

The ability of the systemic immune re-
sponse generated by the IL-4 transfectants
to cure animals of established tumors pro-
vides a basis for the application of lympho-
kine gene-transduced tumor cells as a ther-
apeutic approach for human cancer. One of
the critical features of this approach is that
the lymphokine is produced only at the
tumor site, thereby producing a strong im-
mune response with no systemic toxicity.
The extension of this strategy to human
cancer therapy will require gene transfer
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Fig. 5. Injection of Renca-IL-4C cells can cure
animals with small amounts of established paren-
tal tumor at a distant site. BALB/c mice (10 per
group) were injected subcutaneously in the right
hind leg with 1 x 10* Renca wild-type cells. After
6 or 9 days, they were given three weekly injec-
tions of 1 x .10° Renca-IL-4C cells subcutane-
ously in the left hind leg. Growth at the challenge
site was assessed twice per week. @, day 6; W, day
9; O, control.
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systems capable of introducing lymphokine
genes into primary human tumor explant
cultures established at the time of surgery.
The development of high-efficiency retrovi-
ral vectors (15) makes this feasible.
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Functional Mapping of the Human Visual Cortex by
Magnetic Resonance Imaging

J. W. BELLIVEAU,* D. N. KENNEDY, R. C. MCKINSTRY,
B. R. BUCHBINDER, R. M. WEISSKOFF, M. S. COHEN, J. M. VEVEA,

T. J. BRaDpyY, B. R. ROSEN

Knowledge of regional cerebral hemodynamics has widespread application for both
physiological research and clinical assessment because of the well-established interre-
lation between physiological function, energy metabolism, and localized blood supply.
A magnetic resonance technique was developed for quantitative imaging of cerebral
hemodynamics, allowing for measurement of regional cerebral blood volume during
resting and activated cognitive states. This technique was used to generate the first
functional magnetic resonance maps of human task activation, by using a visual
stimulus paradigm. During photic stimulation, localized increases in blood volume

(32 = 10 percent, n = 7

subjects) were detected in the primary visual cortex.

Center-of-mass coordinates and linear extents of brain activation within the plane of

the calcarine fissure are reported.

HYSIOLOGICAL, ANATOMICAL, AND

I ? cognitive psychophysical studies indi-
cate that the brain possesses anatom-

ically distinct processing regions (1, 2). Dur-
ing cognitive task performance, local
alterations in neuronal activity induce local
changes in metabolism and cerebral perfu-
sion [blood flow and, as shown here, blood
volume (3)]. These changes can be used to
map the functional loci of component men-
tal operations (4). Because the cerebral he-
modynamic state in nonactivated brain areas
is quite stable over time, a resting-state
perfusion image can be subtracted from a
stimulated-state image to create a new func-
tional map depicting local changes caused by
the activation task (5). To date, these func-

tional maps have relied on radionuclide

techniques [primarily positron emission to-
mography (PET)] that suffer from limited
spatial and temporal resolution. Although
accurate center-of-mass coordinates of acti-
vated regions have been obtained, the extent
of cortex involved in a given task cannot be
determined precisely, and distributed re-
gions separated by less than the full width at
half maximum (FWHM) resolution of the
instrument cannot be resolved individually
(6). In comparison, nuclear magnetic reso-
nance (NMR) imaging (or MRI) is a high-
resolution in vivo method for studying hu-
man cerebral anatomy (7). Recent advances
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in scanning speed, coupled with approval of
contrast agents for human use, have yielded
NMR techniques for quantitative imaging
of cerebral blood volume (CBV) (8).

We investigated the human visual cortex
using photic stimulation, a robust stimulus that
produces regional changes in cerebral blood
flow (CBF) of at least 30 to 50% (5, 9).
Dynamic susceptibility—contrast NMR imag-
ing of an intravenously administered paramag-
netic contrast agent [0.5 M, gadolinium dieth-
ylenetriaminepentaacetic acid, Gd(DTPA)>~]
was used to produce regional CBV maps of the
human brain during resting and activated states
(8, 10). CBV maps were correlated directly to
high-resolution (T1-weighted) three-dimen-
sional (3-D) images of the underlying anato-
my, allowing for precise determination of gray-
white matter boundaries and activated-non-
activated borders. Functional CBV and ana-
tomic data sets were translated into propor-
tionately measured stereotactic coordinates
relating to the line between the anterior and
posterior commissures (AC-PC line)- (11).
This translation allows direct correlation to
reported standardized PET maps of the visual
cortex (5, 9).

Seven normal subjects underwent dynam-
ic NMR imaging with a prototype high-
speed imaging device (1.5-T GE Signa,
modified by Advanced NMR Systcms Inc.,
Wilmington, MA) based on.a variation of
the echo planar imaging (EPI) technique
first described by Mansfield [in (12)]. Light-
proof, patterned-flash stimulating goggles
(Model S10VS, Grass Instruments, Quincy,
MA) were placed over the subjects eyes.
The stimulus rate was fixed for predicted
maximum CBF response (5) at 7.8 Hz. A
snugly fitting head holder was used to min-
imize subject movement between scans. A
surface radio frequency (r.f.) coil -over the
occipital pole was used to improve signal-to-
noise over the posterior half of the brain.
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