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ABSTRACT

Injection of purified human interleukin 2 (IL-2) directly into the spleen

has been shown to potentiate the effect of specific Chemoimmunotherapy,
using butanol-extracted tumor-specific transplantation antigen (TSTA)
and cyclophosphamide (CY) in a C3H/HeJ murine methylcholanthrene-
induced fibrosarcoma model. Since IL-2 has a relatively short half-life

in serum, continuous infusion of this lymphokine via the intrasplenic
(i.s.), i.v., or i.p. routes was administered in an attempt to maintain
therapeutic tissue levels. Primary hosts bearing 7-day (4-mm) or 14-day
(>10-mm) established s.c. methylcholanthrene F tumors were treated
with weekly s.c. doses of l /ig l-butanol-extracted, isoelectrophoretically

purified TSTA, the first of which was combined with a single i.p. injection
of 20 mg/kg CY, and/or a 10-day continuous infusion of 120 units IL-2/
day by one of the three routes. IL-2 delivered by all routes either by
continuous infusion or by bolus injection augmented the chemoimmu-
notherapeutic efficacy of TSTA/CY against 7-day established tumors.
On the other hand, the outcome of 14-day (>10-mm) established tumors
depended upon the method and route of administration of IL-2: continuous

infusion via the i.v., i.p., or i.s. route prolonged host survival beyond that
obtained by bolus administration. Continuous i.s.-IL-2 infusion greatly
prolonged, continuous i.p.-IL-2 (120 units/day) slightly extended, and
continuous i.v.-IL-2 had no effect on host survival. In a spontaneous
pulmonary metastasis model following amputation of a tumor-bearing
limb, only the triple regimen of IS I A/t Y/i.s.-Il -2 decreased the number
of lung colonies and prolonged host survival. Continuous infusion i.s.-IL-
2 (120 units/day, 10 days) combined with TSTA/CY induced tumor-
specific cytotoxic T-cells, as documented by in vitro "chromium release

cytolytic and in vivo local adoptive transfer assays. Based upon the
residual local adoptive transfer assay activity of spleen cells depleted of
specific lymphocyte subpopulations using monoclonal antibodies, the
immune effectors generated by ÃŒ.S.-IL-2plus TSTA/CY bear the Thy 1*,
Lyt 1* phenorype and those by i.p. or i.v.-IL-2 plus TSTA/CY, the Thy*,
L3T4* markers. Thus continuous Â¡.S.-IL-2 infusion appears to augment

cytotoxic T-cell induction in tumor-bearing hosts undergoing stimulation

of helper elements by TSTA and inhibition of suppressor cells by CY.

INTRODUCTION

Systemic administration of purified human IL-23 displays
limited potency to stimulate host resistance for tumor immu-
notherapy, due to both its short half-life in the circulation in
part from degradation in renal tubules (1) and a serum IL-2
inhibitor (2). Alternative approaches to potentiate the effects of
parenteral IL-2 include: (a) depot administration in a gelatin
base (3); (b) direct inoculation into the tumor site (4, 5); (c)
repeated high doses of recombinant material (6), particularly in
combination with adoptive lymphokine-activated killer (7-9) or
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cultured immune (10-13) cells; or (d) i.s. delivery to directly
expose target lymphoid cells to lymphokine (14). While our
previous studies utilized bolus injection of IL-2 directly into
the spleen, which had been translocated from the i.p. to a s.c.
site, the present study used continuous infusion of lymphokine
via an osmotic pump in order to achieve a steady-state IL-2
tissue concentration.

TSTA (15) can be extracted from the surface of MCA-
induced murine sarcomas using single-phase 1 bui ano I (16-18).
TSTA combined with CY, in order to retard induction of
murine suppressor T-cells (19, 20), inhibits local neoplastic
recurrence after incomplete neoplasm resection (21) and de
creases the number of spontaneous pulmonary mÃ©tastasesfol
lowing amputation of a tumor-bearing limb (22). As a third
modality with this dual regimen, direct bolus i.s. injection of
80 units IL-2 not only reduced spontaneous mÃ©tastases,but
also retarded the outgrowth of 7-day established s.c. tumors
(14). The experiments presented herein demonstrate the supe
riority of continuous infusion over bolus injection of IL-2 to
activate effector cells following TSTA/CY stimulation, thereby
prolonging survival of hosts whose treatment was initiated
either 14 days after neoplastic cell inoculation s.c. or 21 days
after limb injection with spontaneous lung mÃ©tastases.Negative
selection experiments using monoclonal antibodies to T lym
phocyte subpopulations suggest that the route of IL-2 admin
istration may determine the predominant vector of T-cell acti
vation: ÃŒ.S.-IL-2promotes tumor-specific Lyt 2 positive, puta
tive CTL, while i.V.- or i.p.-IL-2 augment L3T4 positive, puta
tive helper-amplifier elements.

MATERIALS AND METHODS

Animals and Tumors. Three established, non-cross-reactive fibrosar-
comas (MCA-F, MCA-D, MCA-2A) induced by s.c. injection of 3-
MCA were maintained by cryopreservation and serial s.c. propagation
for up to seven transplant generations in 10- to 15-wk-old female C3H/
HeJ mice obtained from the Jackson Laboratory (Bar Harbor, ME)
(16). A highly metastatic variant clone 9-6, which by immunoprotection
tests shares a TSTA with and does not carry any antigens distinct from
the parent MCA-F line, was selected by in vivo lung passage based on
the method of Fidler (23), as previously described (24). Tumor cell
specificity controls for in vitro cytotoxicity experiments included the
EL-4 lymphoma, syngeneic to C57BL/6 mice, and YAC-1, a Moloney
leukemia virus-induced T-cell lymphoma of A/Sn origin.

Antigen Extraction. Tumor cell extraction with 1-butanol and partial
purification by isoelectric focusing were performed as previously de
scribed (17) with protein concentrations estimated by the Bradford
method (25).

Preparation and Fractionation of Spleen Cell Populations. Spleens
were removed and gently crushed in HBSS (Grand Island Biological
Co., Grand Island, NY) with the blunt end of a 10-cc syringe plunger.
After large paniculate material was removed by filtration through
stainless steel mesh, and erythrocytes were depleted by treatment with
ammonium chloride-potassium lysing reagent (Orthodiagnostic Sys
tem, Inc., Raritan, NJ) for 1 min at room temperature, the cells were
washed 3 times with HBSS. Spleen cells suspended in RPMI 1640
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(GIBCO) and 10% PCS (Hyclone, Logan, UT) at a density of 2 x IO6/
ml in 20 ml medium were incubated on a 20 x 100-mm plastic dish
(No. 3003; Falcon, Oxnard, CA) for 2 h at 37'C in a humidified 5%
C'O, incubator. Nonadherent cells harvested by gentle pipetting were

passed through nylon-wool columns, according to the method of Julius
et al. (26). Briefly, 500 mg of extensively washed nylon wool (Fenwall
Laboratories, DeerfÃ¯eld,IL) were packed into a 10-ml syringe to the 5-
mm mark. After sterilization, the column was rinsed with 25 ml of
RPMI containing 5% PCS at 37'C, drained of excess medium, and
incubated at 37'C for l h before loading the cells. After 5 x IO7

lymphocytes in 1 ml were loaded, the columns were incubated 45 min
at 37"C and the cells eluted slowly with warm HBSS to obtain nylon-

wool, nonadherent cells.
LATA, Â¡nvivo tumor neutralization was determined by LATA:

mixtures of 5 x IO3target tumors and 5x10* effector cells in 0.2 ml

HBSS were inoculated s.c. into normal syngeneic recipients. Tumor
diameters were serially monitored with Vernier calipers (27).

Monoclonal Antibodies. The effector cell phenotype was examined
by negative selection using monoclonal antibodies and complement.
Nylon-wool, nonadherent splenic lymphocytes from MCA-F tumor-
bearing mice that had been treated with continuous infusion of IL-2
without or with TSTA/CY were suspended in RPMI Medium 1640 to
be incubated with monoclonal antibodies to mouse T-cell subsets,
namely anti-Thy 1.2 ('/Â«odilution; New England Nuclear, Boston,
MA), anti-Lyt 2 (1 jig/106 cells; Becton Dickinson, Mountain View,
CA), or anti-L3T4 (0.2 /Â¿g/106cells; Becton Dickinson) for 45 min at
4*C. After washing, the treated cells were incubated with 100 Ml of

rabbit complement (Viodilution; Cedarline Laboratories, London, On
tario, Canada) for 45 min at 37*C.

(TI. Assay. Target tumor cells were prepared by a method modified
from Rong et al. (28). Tumors were minced and digested with constant
stirring in HBSS containing 0.1 mg/ml deoxyribonuclease (DNAse;
Sigma, St. Louis, MO), 2.5 mg/ml collagenase (type V-S; Sigma), and
2 U/ml hyaluronidase (type VI-S; Sigma) for 2 h at room temperature.
A 4-h chromium-release assay was used to measure in vitro cytotoxicity.
Varying ratios of effector cells were plated in 96-well, round-bottomed
plates (No. 3739; Costar, Cambridge, MA) with IO4viable "Cr-labeled
tumor targets in RPMI 1640 with 10% FCS. After incubation at 37'C
for 4 h, an aliquot of cell-free supernate was counted for 5>Cr.Cytotoxic

activity was calculated from the average of triplicate cultures as

% of specific "Cr lysis =

/experimental â€”spontaneous release\
\ maximum - spontaneous release / x 100

Concanavalin A-stimulated C3H/HeJ lymphoblast targets were pre
pared by 48-h incubation of l x W/ml C3H/HeJ splenocytes in RPMI
Medium 1640 containing 10% FCS and 5 Mg/ml concanavalin A.
Maximal 51Cr-release counts in detergent ranged from 2,000 to 24,000

cpm and spontaneous release values were <25%.
Immunotherapy Model. All hosts underwent splenic translocation

from the i.p. to the s.c. site (14). After a 2-wk recovery period, 1 x IO5
MCA-F cells were injected s.c. into the right flank to initiate tumors.
After the neoplasms had grown to 4 mm (9 days) or 10 mm (14 days),
mice were randomized to receive weekly s.c. injections of l ÃŸgTSTA,
a single i.p. injection of 20 mg/kg CY (Cytoxan; Mead Johnson,
Evansville, IN), and/or continuous infusion or bolus injection of IL-2
(human purified IL-2; Genzyme, Boston, MA) by the i.V., i.p., or i.s.
routes. Under anesthesia, min Â¡osmoticpumps (Models 1702, 2001,
2002, 2ML2; Alza Corp., Palo Alto, CA) were placed in the subcutis.
The catheter was inserted into the iliac vein (i.V.), peritoneal cavity
(i.p.), or subcapsular area of the spleen (i.s.). Differences in neoplastic
outgrowth were assessed for statistical significance by comparing mean
tumor sizes, using Newman-Keul's Q statistic. Differences in host

survival were analyzed using the Gehan modification of the generalized
Wilcoxon test (29).

For the spontaneous lung metastasis model, 1 x IO5clone 9-6 cells
were injected into the hind footpad of mice. Twenty-one days later the
tumor-bearing limb was amputated, and TSTA and CY were adminis
tered. Three days later continuous IL-2 infusion was delivered by the

i.s., i.V., or i.p. route for a period of 10 days. Mice were sacrificed 14
days after amputation to enumerate lung colonies. The significance of
differences between the number of metastatic colonies was assessed
using the Kruskal-Wallis test (30) with probability values estimated by
the Q statistic.

RESULTS

Dose-Response Relation of Continuous IL-2 Infusion by Var
ious Routes in Combination with TSTA and CY Chemoimmu-
notherapy for Tumor-bearing Hosts. To determine the optimal
dose of IL-2 alone, mice bearing 7-day (2.6-mm-diameter)
tumors received from 24 to 480 units IL-2 daily for 10 days by
continuous i.V., i.p., or i.s. infusion. On the one hand, sole
administration of 480, but not 120 or 24, units IL-2 modestly
inhibited the outgrowth of 7-day established tumors (Table 1).
On the other hand in conjunction with TSTA/CY, 120 as well
as 480, but not 24, units IL-2 daily potentiated the therapeutic
effect. Interestingly, the benefit of 480 versus 120 units IL-2/
day was greater with the i.v. (P < 0.01) and i.p. (P < 0.05) than
the i.s. (/* = not significant) routes. In contradistinction to 7-
day tumors, the effect of 480 units IL-2/day was inferior to 120
units/day IL-2 against 14-day (10.2-mm-mean diameter) estab
lished tumors (Fig. 1). Thus 120 units/day were selected as the
optimal dose based on in vivo criteria.

In order to document in vitro the in vivo immunological effect
of IL-2 in combination with TSTA/CY, a 4-h "Cr-release assay
examined the cytotoxic activity of spleen cells from 7-day
tumor-bearing mice. On the one hand, 10-day continuous in
fusion of 120 units IL-2/day via all three routes failed to induce
normal animals to display lymphokine-activated killer cells
capable of "Cr release from neoplastic targets in vitro. On the

other hand, treatment with either 120 or 480 units (data not
shown) IL-2 infusion by the i.p. or i.s., but not the i.v., route
specifically augmented the 23% 5>Cr release displayed after

TSTA/CY treatment (Table 2). Another experiment (Table 3)
demonstrated augmented splenocyte cytotoxicity both at E:T

Table 1 Impact of the dose of continuous IL-2 delivered by various routes upon
tumor progression in vivo without or with TSTA/CY chemoimmunotherapy
MCA-F cells (1 x 10') were inoculated s.c. into C3H/HeJ mice on Day 0.

IL-2Â»TSTA/CY0-â€”â€”â€”â€”â€”â€”â€”â€”â€”++++++++++Routei.V.i.V.Lv.Lp.i.p.Lp.U.Ls.LJ.i.v.i.V.i.v.Lp.Lp.Lp.Ls.i.s.i.s.Dose0241204802412048024120480024120802412048024120480Mean
tumordiameter1'16.9

Â±0.917.1
Â±1.415.7
Â±1.413.3

Â±16.6
Â±15.9Â±12.9

Â±15.3
Â±13.8
Â±12.9
Â±18.2Â±18.6Â±11.0

Â±9.8
Â±(16.3
Â±12.3
Â±.2.53A.2.4.3.1.2.31.9.3.28.6

Â±0.915.3
Â±1.18.0
Â±0.97.6
Â±1.0PdNSNS<0.05NSNS<0.05NSNS<0.05NS<0.001<0.001NS<0.005<0.001NS<0.001<0.001

* Either no treatment (-) or TSTA (1 ^g, s.c.)/CY (20 mg/kg, i.p.) (+) therapy
was administered on Day 7 after tumor inoculation (2.6-mm mean neoplasm
diameter).

* IL-2 was administered continuously via the i.v., i.p., or i.s. route for 10 days

from Day 10 through Day 19 at the dose indicated in units/day.
' Tumor sizes represent mean tumor diameter (mm) Â±SE on Day 28.
* Statistical significance determined by Newman-Keul's Q statistic comparing

the test regimens with the control group not receiving IL-2. NS, not significant.
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p<0.001

TSTA/CY 120 480
ALONE l |V |

IL-2 DOSE (UNITS/DAY)

Fig. 1. Am Â¡minoreffect of continuous IL-2 infusion combined with TSTA/
CY against 14-day established tumors. 1 x 10s MCA-F cells were injected s.c.

into groups of mice on Day 0. TSTA (1 ng, s.c.) and CY (20 mg/kg, i.p.) were
injected on Day 14. IL-2 (120 or 480 units/day) was infused continuously via the
i.V., i.p., or i.s. route for 10 days from Day 17 through Day 26. Mean tumor
diameters measured on Day 28 are shown with SEM. The (/') values compare
tumor diameters between the 120 and the 4X0 unii IL-2 doses.

ratios of 100:1 and 20:1, namely from 29.2 to 59.1 % and 65.4%,
and from 16.6 to 37.3 and 44.8% release after i.p. or i.s. 120
units continuous infusion IL-2 therapy, respectively. While
splenocytes from 7-day tumor-bearing mice receiving 480 units
displayed results similar to the 120 units IL-2 dose, cells from
hosts bearing 14-day MCA-F tumors only showed enhanced
cytolytic activity after treatment with 120 units i.p.- or i.s.-IL-
2 plus TSTA/CY. Indeed hosts receiving 480 units/day i.s.-IL-
2 infusion showed suppressed, rather than augmented, in vitro
cytotoxicity: namely from 44 with 120 units to 12% with 480
units (P < 0.005) at 100:1, and from 33 with 120 units to 7%
with 480 units (P< 0.001) at 20:1 E:T ratios (data not shown).

Specificity of Splenic Effectors from Tumor-bearing Mice
Treated with Continuous IL-2 Infusion Combined with TSTA/
CY. Spleen cells were harvested from hosts bearing 7-day
tumors at the time of treatment with TSTA/CY plus continuous

i.V.-, i.p.-, or i.s.-IL-2 neutralized homotypic MCA-F, but not
antigenically distinct MCA-D, cells in LATA. Furthermore,
neither spleen cells from normal nor from untreated tumor-
bearing hosts neutralized the outgrowth of MCA-F cells (Fig.
2). There was no significant benefit of the MCA-F TSTA/CY
regimen without or with continuous IL-2 on the progression of
MCA-D tumors. Only continuous IL-2 infusion via the i.s.
route potentiated the specific tumor neutralization to a level
significantly greater than that obtained with TSTA/CY alone
(/>< 0.001).

The immunological specificity of the in vivo neutralizing
activity was confirmed by in vitro cytolytic assays. The augmen
tation of cytotoxic activity was specific: killing of heterotypic
MCA-D, of syngeneic C3H/HeJ lymphoblasts, of EL-4, and of
the natural killer-sensitive YAC-1 targets was not significantly
enhanced by spleen cells from hosts treated with i.v.-, i.p.-, or
ÃŒ.S.-IL-2therapy (Table 2). In Table 3 spleen cells from infused
tumor-bearing hosts showed augmented cytotoxicity toward
homotypic MCA-F targets: 16.2% cytolysis of MCA-F cells by
untreated, tumor-bearing hosts increased to 29.3% with i.v.-IL-
2 treatment (P < 0.001) to 31.6% after i.p.-IL-2, and to 41.0%
after i.s.-IL-2 using a 100:1 E:T ratio, and using a 20:1 E:T
ratio from 7.0 to 14.2, 17.4, and 24.3%, respectively. Both
alone and in combination with the dual MCA-F TSTA/CY
treatment regimen, continuous IL-2 infusion by all three routes
augmented specific in vitro cytotoxicity toward homotypic
MCA-F, but not heterotypic MCA-D or MCA-2A, targets.

In order to test the specificity requirements for the immu-
nogen, as well as for the target, a comparable effect was docu
mented using the MCA-D tumor. Specific augmentation of
cytotoxicity toward homotypic MCA-D cells from 19.9 to 29.3,
40.4, and 51.8% lysis with i.v.-, i.p.-, and i.s.-IL-2 was not
observed toward heterotypic MCA-F or MCA-2A cells. Thus
continuous IL-2 infusion, particularly by the i.s. route, poten
tiates the effect of TSTA/CY to induce tumor-specific CTL
that neutralize tumor growth in vivo and lyse specific targets in
vitro.

Effector Cell Phenotype. Spleen cells from 7-day tumor-
bearing mice, which had been treated with TSTA/CY plus a
10-day course of 120 units/day IL-2 by the i.v., i.p., or i.s.
route, were depleted of T-cell subpopulations using anti-Thy
1.2, anti-L3T4, or anti-Lyt 2 monoclonal antibodies plus com
plement prior to admixture with homotypic MCA-F target cells
and inoculation for an in vivo LATA. Both plastic-dish non-
adherent and nylon-wool nonadherent spleen cells significantly
inhibited MCA-F, but not MCA-D, tumor growth; adherent

Table 2 Target cell specificity of the cytotoxic activity of spleen cells from mice treated with continuous IL-2
Treatment"Mice

TSTA/CYIL-2Normali.v.Lp.i.s.MCA-F

tumor-bearei* ++

i.v.+
i.p.+

i.s.MCA-F1.84.26.24.623.026.931.0'39.4'MCA-D-2.02.91.66.3ND"7.19.19.3%of"Cr-release*Target

cells
C3H/HeConcanavalin

Alymphoblast-3.11.92.12.9ND4.34.08.8EL-4-2.23.41.43.5ND-1.23.62.9YAC-11.94.36.07.0ND4.36.69.9

* TSTA (1 jig s.c.) and CY (20 mg/kg Â¡.p.)were injected on Day 7 to the groups denoted (+). IL-2 (120 units/day) was infused continuously via the i.v., Â¡.p.,or i.s.

route for 10 days from Day 10 to Day 19.
* Spleen cells harvested on Day 19 were assessed for % of specific lysis in a 4-h "Cr-release assay (see "Materials and Methods") at a 20:1 E:T ratio.
' Tumors were induced by s.c. injection of 1 x 10' MCA-F cells on Day 0.
* ND, not determined.
' P < 0.005 as determined by Student's t test.
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Table 3 TSTA specificity in the induction ofcytotoxic activity of spleen cells of
tumor-bearing mice treated with continuous IL-2 and TSTA/CY

Treatment* %of"Cr-releasec

MCA-FTumor"MCA-FMCA-DTSTAMCA-FMCA-FMCA-FMCA-FMCA-DMCA-DMCA-DMCA-DCY

IL-2_â€”

i.v.i.p.â€”

i.s.++

i.v.+
i.p.+
i.s.++

i.v.+
i.p.100:1"16.229.3"31.6"41.0"29.249.5"59.1"65.4"7.93.29.49.920:17.014.217.424.316.624.337.3"44.8"NTNTNTNT100:1

MCA-D-1.09.26.48.83.66.39.19.219.929.3"40.4"51.8"100:1MCA-2A6.25.14.33.3-1.67.34.210.32.54.38.18.2

" Groups of mice were inoculated s.c. with either I x 10' MCA-F or MCA-D
1 x 10' cells on Day 0.

* MCA-F or MCA-D TSTA (I Â»<gs.c.) and CY (20 mg/kg i.p.) were injected
on Day 7 in groups denoted (+), and IL-2 (120 units/day) infused continuously
via the i.V., i.p., or i.s. route for ten days from Day 10 to Day 19.

c Spleen cells harvested on Day 19 were assessed for % of specific lysis in a 4-
h "Cr-release assay (described in the "Materials and Methods") at E:T ratios of

either 20:1 or 100:1 as noted.
* P < 0.005 as determined by Student's t test compared to the group not

receiving IL-2.
' NT, not tested.

A MCA-F target B. MCA-D target

115iUJ1

105

gH
5n1â€¢i-.L

..II**[jIj_XI1I

Nsp Tsp TSTA TSTA TSTA TSTA Nsp Tsp TSTA TSTA TSTA TSTA
CY CY CY CY CY CY CY CY

IV IP IS IV IP IS

TREATMENT

Fig. 2. The specificity of in vivo tumor neutralization by spleen cells from
tumor-bearing mice treated with IL-2 and TSTA/CY. Groups of mice bearing 2-
mm MCA-F tumors were treated with TSTA and CY and 3 days later commenced
on continuous infusion of 120 units/day IL-2 for 10 days. Spleen cells (1 x 10')
from normal (Nsp), tumor-bearing (Tsp), or treated mice were admixed with IV
MCA-F (A) or MCA-D (B) prior to s.c. injection into 10 naive secondary hosts
for LATA. Tumor size was measured 24 days after challenge and recorded as the
mean diameter Â±SE. Statistical significance irrvu.v the normal spleen cell mix
tures by Student's / test; *, P < 0.05; **, P < 0.001. No other groups showed

statistical significance.

cell populations had no effect (data not presented). Nylon-wool
nonadherent splenic lymphocyte populations from 7-day tu
mor-bearing mice treated with TSTA/CY plus 120 units/day
IL-2 by i.V., i.p., or i.s. routes lost their tumor-neutralizing
capacity after treatment with anti-Thy 1.2 monoclonal antibody
and complement (Table 4). The depletion of T-cells abrogated
not only the in vivo effectiveness, but also the in vitro cytotox-
icity at 50:1 and 10:1 E:T ratios. There appeared to be a
difference in the effector T-cell subpopulation among the var
ious routes of IL-2 administration. On the one hand, the in vivo
tumor-neutralizing and in vitro cytotoxic populations in hosts
treated by the i.v. route were sensitive to the anti-L3T4 reagent.
The in vivo, but not the in vitro, results with the i.p. route also
suggested a primary activation of L3T4 positive cells. On the
other hand, the Lyt 2' population appeared responsible for

both the in vivo and the in vitro tumoricidal effects of spleen

cells from hosts treated with i.s.-IL-2. These results suggest
that the route of continuous IL-2 administration may affect the
type of splenic lymphocyte effector subpopulations activated by
TSTA/CY therapy.

Comparison of Continuous Versus Bolus Infusion IL-2. In
previous experiments, daily bolus i.s. injection of 80 units/day
IL-2 potentiated the effect of TSTA/CY chemoimmunotherapy
in 7-day tumor-bearing mice (14). In order to compare the
present studies with these previous results, we first demon
strated that there was no significant difference between the
therapeutic effects of 80 and 120 units IL-2, bolus, i.s. injections
(Table 5; Groups F versus G, and N versus O). Thereafter, the
therapeutic effect of 120 units/day IL-2 was compared between
delivery by infusion and by bolus injection into hosts bearing
7-day (2.8-mm-diameter) or 14-day (10.3-mm-diameter) estab
lished tumors. Bolus i.p. (Group D, P < 0.05) and bolus i.s.
(Group G, P < 0.01), but not bolus i.v. (Group B), IL-2
combined with TSTA/CY significantly prolonged the mean
survival time of hosts bearing 7-day established MCA-F tumors.
For all routes, 120 units/day IL-2 by continuous infusion
significantly prolonged host survival (Groups C, E, and H).
While only continuous i.v. (Group C), but not bolus i.v. (Group
B), therapy was effective, there was no significant difference
between the antitumor effects of continuous versus bolus i.p.
(Group D versus E) or i.s. (Group G versus H) IL-2 against 7-
day established tumors. For 14-day established MCA tumors,
bolus IL-2 administration in combination with TSTA/CY was
only effective via the i.s. (Group O), not the i.p. (Group L) or
i.v. (Group J), routes. Even for the i.s. route, continuous infu
sion was vastly superior to bolus injection (Group P versus O,
P < 0.005).

TSTA/CY/Continuous Infusion IL-2 Therapy against Primary
Established Tumors. Groups of mice bearing 9-day (4-mm) or
14-day (>10-mm) established MCA-F tumors were treated with
the triple modality of weekly 1 fig TSTA s.c., a single dose of
20 mg/kg CY i.p., and/or a continuous 10-day i.V., i.p., or i.s.
infusion of 120 units/day IL-2. Fig. 3 shows not only tumor
regression (A) but also prolonged survival (B) of hosts bearing
9-day established tumors. There was no significant difference
in the therapeutic benefit among the routes of continuous IL-2
administration. Fig. 4 shows that mice bearing 14-day estab
lished tumors demonstrated a superior efficacy of the triple
regimen utilizing Ã•.S.-IL-2compared with i.V.-or i.p.-IL-2. Host
mean survival time was prolonged to 72.3 Â±4.5 days for i.s.-
IL-2 compared with 57.0 Â±4.5 days (P < 0.01) for i.v., and
61.4 Â±4.1 days (P < 0.025) for i.p. Thus continuous IL-2
infusion, particularly by the i.s. route, not only augments the
antitumor effect of TSTA/CY chemoimmunotherapy during
the 10-day period of administration, but also confers a durable
benefit prolonging host survival.

TSTA, CY/IL-2 Therapy against Spontaneous Lung MÃ©tas
tases. The effect of triple therapy combining TSTA/CY with
continuous IL-2 infusion was tested in hosts that had undergone
footpad amputation 21 days after inoculation of IO5 highly
metastatic MCA-F clone 9-6 cells. These animals uniformly
display pulmonary colonization when lungs are excised 14 days
later. The combination regimen including TSTA/CY/continu-
ous Ã•.S.-IL-2infusion caused a 73% reduction in the number of
lung colonies. The i.s.-IL-2 group showed a median number of
6 mÃ©tastaseswith a range of 0-29; the i.p.-IL-2, a median of
10 and range of 0-26 (P < 0.05); and the Ã•.V.-IL-2,a median of
15 and range of 2-39 (P < 0.005; Fig. 5/1). In order to assess
whether the benefit of continuous IL-2 infusion persisted after
termination of therapy, host survival was observed up to 90
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Table 4 In vivo and in vitro activity of effector cells among splenic lymphocytes from tumor-bearing hosts treated with TSTA/CY and continuous IL-2 infusion
Groups of mice were inoculated s.c. with 1x10* MCA-F cells on Day 0 and were injected with TSTA ( 1 ng s.c. weekly) and CY (20 mg/kg i.p. once) on Day 7.

LATA'IL-2"i.V.Â¡.p.i.s.Treatment*UnfractionatedUnfractionatedC

aloneThy
1.2 +CL3T4Lyt2

+CUnfractionatedC

aloneThy
1.2 +CL3T4

+CLyt2
+CUnfractionatedC

aloneThy
1.2 +CL3T4

+CLyt2
+ CE:T

=100:113.6

Â±1.19.4
Â±0.98.9
Â±0.714.9
Â±1.29.9
Â±0.98.8
Â±1.08.9

Â±0.88.0
Â±1.013.1
Â±1.18.6
Â±1.09.4
Â±1.17.2

Â±0.97.3
Â±1.012.9
Â±1.26.4
Â±0.811.0Â±

1.2PNS<0.005NSNSNS<0.01NSNSNS<O.OOSNS<0.025E:T

=50:115.6Â±10.3

Â±10.1
Â±15.3Â±13.4Â±9.6

Â±9.8

+9.6
Â±15.9Â±12.4Â±9.2

Â±8.9

Â±8.9
Â±16.1
Â±7.6

Â±13.8Â±.4.0.0.2.1).9.03..3.1.2).9.0.2.0.2PNS<o.oos<0.05NSNS<0.005<0.05NSNS<0.001NS<o.oos%

of specific
"Cr-release'E:T

=50:12.326.820.65.3'16.339.131.426.20.3'30.233.838.926.9-0.9'43.019.8'E:T=10:1-1.214.113.6utr7.2*16.919.117.8-1.4'14.321.020.120.60.1'31.36.3'

" IL-2 (120 units/day) was infused continuously via i.V., i.p., or i.s. routes for ten days from Day 10 through Day 19.
* Spleen cells harvested on Day 19 and depleted on nylon-wool adherent lymphocytes were treated with monoclonal antibodies and complement prior to LATA or

in vitro cytotoxicity tests. NS, not significant.
' Effector cells [5 x 10' (100:1) or 2.5 x 10' (50:1)] were admixed with 5 x IO3 MCA-F cells for s.c. injection into 10 naive syngeneic C3H/^JeJ mice for LATA.

Tumor sizes shown in mm Â±SE of the mean were measured 24 days after tumor inoculation. P values were determined by Newman-Keul's Q statistic.
* % of specific lysis against MCA-F target cells was determined in a 4-h "Cr-release assay at 50:1 and 10:1 E:T ratios.
' Cytotoxicity assays significant at P < 0.05 by statistical analysis using paired Student's ( test.

Table 5 Comparison of continuous infusion versus bolus injection of IL-2 in combination with TSTA/CY for therapy of established s.c. tumors

Day of
treatment"Group7

ABCDEFG

H14
IJ

KLMN0PMethodBolusContinuousBolusContinuousBolusBolus

ContinuousBolus

ContinuousBolusContinuousBolusBolus

ContinuousIL-2*Routei.v.i.V.i.p.i.p.i.s.i.s.

i.s.i.V.i.v.i.p.i.p.i.s.i.s.

i.s.Dose012012012012080120

1200120

12012012080120

120Survival'1/101/103/102/104/92/93/10

6/90/100/10

0/81/102/91/101/10

3/0MST"50.9

Â±2.452.1
Â±3.767.3

Â±4.160.4
Â±3.871.4

Â±4.768.8
+5.066.9
Â±6.0

78.9 +5.939.9
Â±4.040.153.150.162.857.253.3

73.62.8

4.64.43.94.63.7

4.5NS

"I<0.005

J<0.05
"I<0.005

J<0.005<0.01

"I

<0.001JNS

"I

<0.05JNS
"I<0.005

J<0.025<0.05

"I

<0.001 Jf<0.025MCÃ•^O

-|NS

J<0.05NS<0.01

* MCA-F (1 x 10*) cells were inoculated s.c. into groups of mice on Day 0; therapy with TSTA (1 >igs.c. weekly) and CY (20 mg/kg i.p. once) was initiated on

Day 7 or Day 14.
IL-2 was administered by bolus injection once daily or continuously, via the i.v., i.p., or i.s. route, at 80 or 120 units/day from Day 10 through Day 19 for the

Day 7 or from Day 17 through Day 26 for the Day 14 group.
' Mice surviving at 90 days/total number of mice.
J Mean survival time in days Â±SEM determined by Gehan's method.
' Statistical differences determined by Student's t test. NS, not significant.

days posttumor inoculation. Fig. 5B shows that the double
regimen of TSTA/CY significantly prolonged host survival
compared with the no-treatment group (P = 0.002). All of the
triple regimens with continuous IL-2 infusion further improved
the survival rate. The mean survival times after tumor resection
were 28.9 Â±0.9 days for the no-treatment group; 38.7 Â±2.9
days for TSTA/CY (P < 0.025); 46.0 Â±4.8 days for TSTA/CY
plus Ã•.V.-IL-2(P < 0.005); 50.0 Â±4.7 days for TSTA/CY (P <
0.001); and 59.4 Â±4.5 days for TSTA/CY plus Ã•.S.-IL-2(P <
0.001). Thus Ã•.S.-IL-2potentiates the benefit of TSTS/CY
specific chemoimmunotherapy not only against the outgrowth
of s.c. solid neoplasms but also against the appearance and
progression of spontaneous pulmonary mÃ©tastases.

DISCUSSION
In vivo administration of exogenous IL-2 causes a broad

range of immunological effects, including the stimulation of

helper and cyiotoxic T-cells (31, 32) and amelioration of at
least some T-cell related immune functions in immunodeficient
nude mice (33), irradiated rats, or CY-treated mice (34). Etting-
hausen et al. (35) observed that systemic IL-2 administration
produced in vivo activation and proliferation of normal host
lymphoid cells, thereby achieving lysis of murine sarcoma tar
gets. Exogenous high-dose IL-2 administration in the absence
of antigenic stimulation can induce natural killer (36) and
lymphokine-activated killer (6, 35) cells. IL-2 promotes in vivo
expression of specific CTL activity by immunized spleen cells
restimulated in vitro with homotypic irradiated tumor cells.
These stimulated cells lyse parental type (11) and selected
variants (37) of the immunizing tumor line. The experiments
described herein demonstrated augmented immunotherapeutic
effect of TSTA/CY by continuous ÃŒ.S.-IL-2infusion, thereby
enhancing the induction of effector cells causing tumor regres
sion.
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Fig. 3. Triple modality therapy with TSTA/CY and continuous IL-2 against
9-day established MCA-F tumors. 1 x 10s MCA-F cells were inoculated s.c. into

groups of mice on Day 0. Therapy included weekly administration of TSTA (1
Mg,s.c.) and a single injection of CY (20 mg/kg, i.p.) beginning on Day 9. IL-2
(120 units/day) was infused from Day 12 to 21. The tumor size in surviving hosts
(top) and survival times (bottom) were assessed. Statistical differences of survival
curves between groups: no treatment versus TSTA/CY, P = 0.0001 ; versus TSTA/
CY plus Ã•.V.-IL-2(IV-IL-2), P = 0.001; and versus TSTA/CY plus i.p.-IL-2 (IP-
IL-2), P = 0.0001; TSTA/CY plus Ã•.S.-IL-2(IS-IL-2), P = 0.0001.

Since T-cell proliferation occurs primarily at the site of IL-2
exposure (12), i.s.-IL-2 administration delivers lymphokine di

rectly into a responding lymphoid organ. This route may poten
tiate in vivo splenic CTL induction following parenteral TSTA
stimulation, possibly in a manner akin to the amplification
achieved by in vitro addition of IL-2 to immune spleen cells
restimulated by extracted TSTA (38). Our previous studies (14)
documented the synergistic effect of daily bolus i.s. injections
of 80 units IL-2 on the chemoimmunotherapeutic effect of
TSTA/CY: not only did the triple regimen retard the outgrowth
of 4-mm established neoplasms, but also it reduced the number

of spontaneous lung mÃ©tastases.Bolus administration, partic
ularly by the i.v. route, was least potent presumably due to
rapid degradation of IL-2 and/or the action of a serum inhibitor,
both of which probably limit lymphokine availability to re
sponding lymphoid organs. In the present study continuous
lymphokine infusion was achieved by implantation of minios-
motic pumps, in the fashion previously reported by Chang et
al. (39). These workers observed recombinant IL-2 detectable
in the serum at >8 units/ml for more than 4 days after i.p. or
s.c. infusion, whereas recombinant IL-2 levels after a bolus i.p.
or s.c. injection displayed a half-life of only 3-5 h. The present
studies not only confirm the benefit of continuous i.p. and i.v.
but also of i.s. infusion over bolus injection. Hosts either bearing
14-day (>10-mm) established tumors or destined to succumb

to pulmonary mÃ©tastasesfollowing limb amputation displayed

10 10 30 40 50 60 70 SO TO

DAYS AFTER TUMOR INOCULATION

Fig. 4. Triple modality therapy with TSTA/CY and continuous IL-2 against
14-day established MCA-F tumors. The same protocol as Fig. 3 except that
therapy was initiated on Day 14, and therefore IL-2 was infused from Day 17 to
26. Statistical differences between survival curves: no treatment versus TSTA/
CY, P = 0.03; versus TSTA/CY plus ÃŒ.V.-IL-2(IV-IL-2), P = 0.001 ; versus TSTA/
CY plus i.p.-IL-2 (IP-IL-2), P = 0.0001; and versus TSTA/CY plus ÃŒ.S.-IL-2(IS-
IL-2), P = 0.0001. The TSTA/CY plus ÃŒ.S.-IL-2(IS-IL-2) versus TSTA/CY plus
i.v.-IL-2 (IV-IL-2), P = 0.013; and versiÂ«TSTA/CY plus i.p.-IL-2 (IP-IL-2), P
= 0.03.

prolonged survival following continuous IL-2 infusion in com
bination with TSTA/CY. The benefit evident by prolonged host
survival was confirmed by the enhanced CTL performance in
vitro in 5lCr release assays, and in vivo by tumor growth inhi

bition in LATA.
The observation presented herein that the therapeutic effect

of 120 units/day appeared greater than that of 480 units/day is
consistent with the report of Ting et al. (40) that high doses of
murine, rat, or human IL-2 generate suppressor T-cells in vitro.
In our previous experiments with bolus injection (14) spleen
cells from tumor-bearing mice only treated with high doses of
IL-2 (>160 units/day I-s.p. or >320 units/day i.p.) displayed
tumor-enhancing, rather than tumor-neutralizing, activity in
LATA. Interestingly, continuous infusion of 480 units/day did
not induce tumor-enhancing activity. This suggests that the
continuous infusion may have a benefit of avoiding rebound
activation of suppressor cells which may occur after dissipation
of large bolus doses. In addition to its potential adverse im
mun (Â»logicaleffects, Rosenstein et al. (41) reported systemic
administration of high IL-2 doses to cause a capillary leak
syndrome with extravasation of proteinaceous fluid into the
interstitial spaces of many organs. Because this effect presum
ably relates to excessive peak concentrations, the present studies
suggest the possible utility of a clinical study using continuous
infusions of more modest IL-2 doses; the optimal dose observed
herein, 120 units/day, is at least two log dosages below that
associated with adverse systemic effects.
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Fig. 5. Effect of chemoimmunotherapy using TSTA, CY, and continuous IL-
2 infusion against spontaneous lung mÃ©tastases.Twenty-one days after inocula
tion of 1 x 10* clone 9-6 cells into the hind footpad, tumor-bearing limbs were

amputated and mice randomized into five groups. TSTA (1 *ig, s.c. weekly) and
CY (20 mg/kg, Â¡.p.once) were administered beginning on the day of amputation.
Three days later, osmotic pumps were implanted and 120 units/day IL-2 infused
for 10 days. Fourteen days after amputation, one set of mice was sacrificed in
order to enumerate lung colonies (A). A second set of mice was monitored for 90
days in order to assess host survival times (/?)â€¢There were statistical differences
among the number of lung colonies in the various groups in A: no treatment
versus TSTA/CY, P < 0.01; versus TSTA/CY plus i.v.-IL-2 (IV-IL-2), P < 0.05;
versus TSTA/CY plus i.p.-IL-2 (IP-IL-2), P < 0.005; and versus TSTA/CY plus
ÃŒ.S.-IL-2(Â¡S-IL-2),P < 0.001. The statistical differences in host survivals between
the groups in B were: no treatment versus TSTA/CY, P = 0.002; versus TSTA/
CY plus ÃŒ.V.-IL-2(IV-IL-2), P = 0.0004; versus TSTA/CY plus i.p.-IL-2 (1P-IL-
2), P = 0.0001; versiÂ«TSTA/CY plus ÃŒ.S.-IL-2(IS-IL-2), P = 0.001.

Although the mechanism of antigen-specific chemoimmu-
notherapy to retard neoplastic outgrowth is not proven, a
tentative schema may explain the phenomenon. Extracted
TSTAs induce specific activation of both helper (L3T4+) and
suppressor (Lyt 2+) T-cells (19, 22). The addition of low-dose
CY dampens suppressor T-cell generation (20). The vectorial
outcome of dual TSTA/CY chemoimmunotherapy probably
activates specific L3T4+ effector cells blunting tumor progres

sion. On the one hand, this hypothesis is concordant with
reports that an L3T4 positive T-cell subset car. serve as the
effector population to mediate regression of established tumors,
probably by functioning as helper cells (42, 43). On the other
hand, Lyt 2* CTL have been demonstrated to be important

effectors in the regression of sarcomas and leukemias in mice
(44-46). Recent studies have demonstrated a therapeutic effect
of adoptive transfer of cloned CTL (47-49). Shu and Rosenberg
(50) found that adoptive transfer of both Lyt 1+ and Lyt 2+

immune T-cells, which were recovered after secondary in vitro
stimulation, mediated the regression of an MCA sarcoma in
C57BL/6 mice. Concomitant administration of exogenous IL-
2 to hosts receiving adoptive immunotherapy enhances specific
antitumor reactivity in vivo. The experiments reported herein
document induction of Thy 1+, Lyt 2+ CTL following continu
ous Ã•.S.-IL-2infusion into hosts treated with TSTA/CY. Con
tinuous IL-2 infusion via the i.p. or i.v. routes, if they had any
effect, augmented the Thy 1+, L3T4+ cell activity presumably

induced by the TSTA/CY regimen. Thus locally administered
Ã•.S.-IL-2may promote the generation of splenic Lyt 2+ CTL by

providing an in vivo stimulus akin to the in vitro stimulation
observed with exogenous addition of IL-2. Within the context
of the TSTA/CY protocol, in vivo restimulation of tumor-
bearing hosts with extracted TSTA may increase the number
of cells bearing IL-2 receptors, poising them for direct IL-2
stimulation (49). Low CY doses (20 mg/kg) then function
synergistically by dampening TSTA-induced suppressor cells,
which down-regulate lymphokine generation and/or produce
IL-2 inhibitors. Thus this hypothesis suggests that continuous
Ã•.S.-IL-2administration augments the efficacy of TSTA/CY
active specific chemoimmunotherapy by reinforcing the acti
vation of helper cells induced by TSTA, and by promoting
maturation of cytolytic effectors thereby achieving tumor
regression.
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