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Complete Regression of Established Spontaneous Mammary
Carcinoma and the Therapeutic Prevention of Genetically
Programmed Neoplastic Transition by IL-12/Pulse IL-2:
Induction of Local T Cell Infiltration, Fas/Fas Ligand Gene
Expression, and Mammary Epithelial Apoptosis-?

Jon M. Wigginton,* Jong-Wook Park,” M. Eilene Gruys," Howard A. Young,"
Cheryl L. Jorcyk, ¥ Timothy C. Back,® Michael J. Brunda,™ Robert M. Strieter, ! Jerrold Ward, #
Jeffrey E. Green;" and Robert H. Wiltrout 37

Using a novel transgenic mouse model of spontaneous mammary carcinoma, we show here that the IL-12/pulse IL-2 combination
can induce rapid and complete regression of well-established autochthonous tumor in a setting where the host immune system has
been conditioned by the full dynamic process of neoplastic progression and tumorigenesis. Further, this regimen inhibits neo-
vascularization of established mammary tumors, and does so in conjunction with potent local induction of genes encoding the
IFN-y- and TNF-a-inducible antiangiogenic chemokines IFN-inducible protein 10 and monokine induced by IFNy. In contrast

to untreated juvenile C3(1)TAg mice in which histologically normal mammary epithelium predictably undergoes progressive
hyperplasia, atypical changes, and ultimately transition to overt carcinoma, the current studies also demonstrate a unique pre-
ventative therapeutic role for IL-12/pulse IL-2. In juvenile mice, early administration of IL-12/pulse IL-2 markedly limits the
expected genetically programmed neoplastic transition within the mammary epithelium and does so in conjunction with enhance-
ment of constitutive Fas and pronounced induction of local Fas ligand gene expression, T cell infiltration, and induction of
apoptosis within the mammary epithelium. These events occur in the absence of a durable Ag-specific memory response. Thus, this
novel model system demonstrates that the potent therapeutic activity of the IL-12/pulse IL-2 combination rapidly engages potent
apoptotic and antiangiogenic mechanisms that remain active during the delivery of IL-12/pulse IL-2. The results also demonstrate
that these mechanisms are active against established tumor as well as developing preneoplastic lesiombe Journal of Immu-
nology, 2001, 166: 1156-1168.

nterleukin 12 is a key immunoregulatory cytokine that canagent, IL-12 has demonstrated substantial antitumor activity in a
potently activate T lymphocyte and/or NK cell function and wide range of murine transplantable tumor models (4—6), includ-
appears to play a central role in linking nonspecific immuneing various models of primary and/or metastatic disease. Several
surveillance mechanisms with the engagement and expansion gfudies have shown that IL-12 and IL-2, another potent immuno-

specific T cell-mediated immune responses (1-3). As a singleegulatory cytokine with significant antitumor activity, may inter-
act favorably in the enhancement of various measures of immune

o o N , , _ function. More specifically, IL-12 and IL-2 use parallel intracel-
*Pediatric Oncology Branch, Division of Clinical Sciences, National Cancer Institute, lul . I h . ! | h
Bethesda, MD 20892Laboratory of Experimental Immunology, Division of Basic ular signaling pathways (7), reciprocally up-regulate the expres-
Sciences, National Cancer Institute-Frederick Cancer Research and Developmesion of their respective receptors (8, 9), and may additively or even

Center, Frederick, MD 2170Z{aboratory of Chemoprevention, Division of Basic ‘g . . . . :
Sciences, National Cancer Institute, Bethesda, MD 2088%amural Research Stip synergistically enhance proliferation, cytokine production, and cy

port Program, Science Applications International Corp.-Frederick, Frederick, MDtolytic function by T and/or NK cells (10—14) and the production

21702;"Department of Oncology, Hoffmann-La Roche, Inc., Nutley, NJ 071ne: of NO by murine peritoneal macrophages (15).
partment of Internal Medicine, University of Michigan Medical School, Ann Arbor, . .. .
MI 48109; andNational Cancer Institute Veterinary and Tumor Pathology Section, VW€ have reported that repeated systemic administration of IL-12

Office of Laboratory Animal Science, Division of Basic Sciences, National Cancerin combination with intermittent, Weekly doses of IL-2 (pulse
Institute-Frederick Cancer Research and Development Center, Frederick, MD 2170ﬁ__2) is not only well tolerated, but can induce rapid and complete
Received for publication September 8, 1999. Accepted for publication OctoberregressiOn of well-established transplantable primary and/or met-

13, 2000. i } . . :
- - : astatic murine renal carcinoma in up to 100% of treated mice (16).
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby masdcrtisemenin accordance  GIVEN its striking antitumor activity, the IL-12/pulse IL-2 regimen
with 18 U.S.C. Section 1734 solely to indicate this fact. may provide a unique model for the elucidation of key mecha-
* This work was supported in whole or in part by federal funds from the National nisms in successful cytokine-induced eradication of established
Cancer Institute, National Institutes of Health, under Contract NOI-CO-56000. tumor. To investigate the antitumor activity ina setting where the

2The content of this publication does not necessarily reflect the views or policies o ; ; ; f _
the Department of Health and Human Services, nor does mention of trade namei_g,OSt’ as occurs in human patients with ma“gnancy’ has been phys

commercial products, or organizations imply endorsement by the U.S. GovernmeniOlogically conditioned by the entire dynamic process of geneti-
The publisher or recipient acknowledges the right of the U.S. Government to retain @a”y programmed neoplastic progression and tumorigenesis, we
nonexclusive, royalty-free license in and to any copyright covering the article. . . . . . .
. | | have studied this combination in a transgenic mouse model of
A i Dr.R Wi Nati . . . .
ddress correspondence and reprint requests to Dr. Robert Wiltrout, National Can pontaneous mammary carcinoma. In this unique model, tissue-

cer Institute-Frederick Cancer Research and Development Center, Building 5607 - - ;
Room 31-93, Frederick, MD 21702-1201. E-mail address: wiltroutr@mail.ncifcrf.gov  sSpecific targeted expression of the early region of the SV40 large
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tumor Ag (TAg) gene was achieved by introduction of a fusion  To evaluate the influence of IL-12/pulse IL-2 administration on tumor
gene consisting of TAg and thé-8anking region of the rat pros- neovascularization and local expression of the genes encoding various

: S hindi ; modulators of angiogenesis within established mammary carcinoma, mice
tatic steroid binding protein gene (C3(1) (17). As a Consequencebearing established tumors were assigned to treatment with IL-12/pulse

male mice of this transgenic strain experience progressive prostati¢_» or vehicle alone. An attempt was made to match the distribution of
hyperplasia leading to the development of overt carcinoma By ages and/or baseline tumor volumes in the respective groups. Mice re-
mo of age. Female mice uniformly develop mammary hyperplasiaeived IL-2 or vehicle alone twice daily on days 1 and 7, and IL-12 or
with progressive atypia and ultimately transition to overt carci- vehicle alone daily on days 1-4 and 7-9. On day 10, mice were euthanized,

: . and tumors were resected cleanly, snap-frozen, and processed for analysis
noma with multifocal mammary tumors by6 mo of age. Such an of gene expression as outlined below. Tumors from mice treated with IL-

autochthonous model may afford the advantage of more closelyz/puise IL-2 or vehicle alone also were resected, fixed in formalin, and
reflecting the physiologic interplay of tumor-promoting genetic le- assessed for vascularity after staining with hematoxylin and eosin as noted
sions and conditioning of the host immune system during the probelow. To in\_/estigate the impact Of-|L-12/pU|SE IL-2 administration on.
cesses of neoplastic progression and tumorigenesis, in contrast 2! expression of the genes encoding Fas and Fas ligand (FasL) within

h id f | mi | b f I established mammary carcinoma, we randomly assigned mice bearing es-
the rapid exposure of normal mice to large numbers of tumor cellgapjished tumors to receive treatment with either IL-12/pulse IL-2 or ve-

as occurs in transplantable models. The present studies were URicle alone. Mice received IL-2 or vehicle alone daily on days 0—4, 7-11,
dertaken to investigate the therapeutic activity of IL-12/pulse IL-2and 14-16. On day 17 mice were euthanized, and all involved tumor sites
against established autochthonous murine mammary tumors, to a¥re cleanly resected, snap-frozen, and processed as outlined below.

. . . We also assessed the therapeutic activity of IL-12/pulse IL-2 in mice
sess the ability of this regimen to delay and/or prevent the rleol'Jearing advanced disease characterized by multiple tumors at baseline. In

plastic transition observed in this model, and to gain insight intog study to compare the antitumor activities of IL-12/pulse IL-2 vs IL-12 or
antineoplastic mechanisms engaged by this combination. pulse IL-2 alone in the setting of advanced multifocal disease, five mice per
group were assigned to therapy with IL-12 with or without IL-2 or vehicles
; alone. Mice received IL-2 or vehicle alone twice daily on days 1, 7, 14, and
M_aterlals and Methods 21 and IL-12 or vehicle alone daily on days 1-4, 7-11, and 14-18. In a
Mice subsequent study using a cohort of 11 mice, mice were randomly assigned

P N : fo receive therapy with IL-12/pulse IL-2 (six mice) or vehicle alone (five
Female FVB/N-transgenic mice bearing the C3(l)-TAg fusion transgene . ) - ) ) .
9 9 ()-TAg 9 ice). Mice received IL-2 or vehicle alone twice daily on days 0, 7, 14, and =

produced as previously described (17) were used in all experiments. Th : A =
were maintained in a dedicated pathogen-free environment and used and IL-12 or vehicle alone daily on days 0-4, 7-11, 14-17, 19, and g
—25. The number of mammary sites with measurable tumor and the

various ages as specified below. Animal care was provided in accordan tive di - itored at baseli d th hout the =
with procedures outlined in the Guide for the Care and Use of Laborator)feSpec Ivé dimensions were monitored at baseliné an roughout the =

g
=
=1

Animals (National Institutes of Health Publication 86-23, 1985) course of therapy, and cumulative estimated tumor volumes were calcu- =
' ' lated as outlined below.
Reagents To assess the impact of IL-12/pulse IL-2 on the progressive hyperplasia,

atypia, and emergence of overt carcinoma that occur in this model, we used=.
Recombinant murine IL-12 (sp. act., ¥ 10° U/mg) was provided by  early chronic administration of this regimen to juvenile C3(l)-TAg mice. A 3
Hoffmann-La Roche (Nutley, NJ) and Genetics Institute (Cambridge, MA). cohort of 11 age-matched 2-mo-old mice was randomly assigned to therapy 2
Stock solutions prepared in Dulbecco’'s PBS were stored &@°C until with IL-12/pulse IL-2 or vehicle alone. Five mice were assigned to treat-
use. For in vivo administration, the stock solutions were diluted as necesment with IL-12/pulse IL-2, and six were given vehicles alone. The mice
sary with PBS containing 0.1% (v/v) sterile-filtered homologous mousereceived IL-2 or vehicle alone twice daily on days 0, 7, 14, 21, 28. 35, 42,
serum. Highly purified, recombinant human IL-2 (frdgscherichia coli) and 49, and IL-12 or vehicle alone on days 0-4, 7-11, 14-18, 21-25, &
was provided by Chiron (Emeryville, CA) (18, 19). After reconstitution 28-32, 35-39, 42—46, and 49-51 and were then monitored for emergence=
with sterile water, IL-2 was diluted with HBSS containing 0.1% sterile- of tumor. To further characterize the influence of IL-12/pulse IL-2 on the ¢

/BJo" jounwi

filtered homologous mouse serum for in vivo administration. neoplastic progression observed in this model, three mice per group were &
. euthanized on day 53 (the completion of therapy), and all mammary sites S
Treatment regimens were resected. Individual sites were either snap-frozen for subsequent eval-o

n&lgtion of local gene expression by RT-PCR or placed in 10% neutral buff-
model, we initially evaluated the influence of IL-12/pulse IL-2 on the ered formalin for fixation and subsequt_ent histology stud_les as outlln_ed
growth of established mammary carcinoma. Mice were ear-tagged to fa2 elow. In a subsequent study to help clarify the cell populations undergoing <

cilitate monitoring of the kinetics of tumor growth at each site in each apoptosis, cohorts of age-matched mice were treated with IL-2 or vehicle ~

mouse. Using a group of 10 mice, we monitored for the initial emergence?/ON€ twice daily on days 0, 7, and 14 and with IL-12 or vehicle alone on ;3

of tumor. When the estimated cumulative tumor volume in a given moused.ays 0-4, 7-11, a_nd 14-17. On day 18, mice were eughamzed, and indi- by
reached 500 mn(range, 512-1100 mi), therapy was initiated with IL- Vidual mammary sites were resected and placed in 10% neutral buffered
12/pulse IL-2. Based on the timing of initiation of therapy, mice were forrTnall_n for tf_lxattlor:han_d assc:ssfr‘r}el_nizo/f aFODtIOLS'ZS aj n_ot_e;j lz_elow. th
treated in one of four cohorts. Cohort 1 included two mice that received ' °, Nvestigate the impact ot lL-Lz/puise fl-2 adminisiration on the

IL-2 (300,000 IU/dose) administered i.p. twice daily on days 0, 8, 14, 21 ultrastructural histology of the mammary epithelium and the occurrence of

_ - : _ 1, 'apoptosis in these cells, a cohort of eight juvenile mice was randomly
28, 35, and 42. 1L-12 (0.fug/dose) was given i.p. on days 0-4, 8-11, qssigned to treatment with IL-12/pulse IL-2 or vehicle alone. Mice were

14-18, 21-25, 2832, 35-39, and 42-46. Cohort 2 included four mice th3reated with IL-2 or vehicle alone twice daily on days 0 and 7, and with
received IL-2 on days 0, 6, 13, 20, 27, and 34 and IL-12 on days 0-3, 6-10} % " "\ picie alone on days 0—4 and 7-8. On day 9 mice were eutha-

13-17, 20-24, 27-31, and 34-38. Cohort 3 included two mice that re- LU .
ceived IL-2 as described above on days 0, 7, 14, and 21 and IL-12 on daﬂzed' and individual mammary sites were resected and prepared as out-
0—4, 7-11, 14-18, and 21-25. Cohort 4 included two mice that receiver.]zmed below for subsequent examination using electron microscopy.
IL-2 on days 0, 6, 13, and 20 and IL-12 on days 0-3, 6-10, 13-17, an
20-24 of therapy. Mice were monitored daily for evidence of toxicity,
tumor dimensions at each mammary site were measured one or two tima&'hole blood was collected via cardiac puncture from individual mice
per week, and the estimated cumulative tumor volume for each mouse waseated with IL-12/pulse IL-2 or vehicle alone as described above and
calculated as outlined below. placed into glass red-top tubes to facilitate clot formation. After clot for-
Serum IFN« and TNFe concentrations were measured in tumor-bear- mation, the tubes were centrifuged at 3000 rpm, and serum was removed
ing mice that had been treated with IL-2 or vehicle alone i.p. on days 0 anchnd stored at-20°C until further use. Serum IFN-and TNF« concen-
7 and IL-12 or vehicle alone on days 0—4 and 7-9. On day 10 mice wergrations were determined according to the manufacturer’s instructions us-
euthanized via C@asphyxiation and/or cervical dislocation, and serum ing the Quantikine-M immunoassay kits for murine TFand IFN+y
samples were obtained as outlined below. (R&D Systems, Minneapolis, MN).

Based on our previous experience using the Renca murine renal carcino

Jenice

LTO

Serum cytokine measurements

Tissue processing histology studies
“ Abbreviations used in this paper: TAg, large tumor Ag; FasL, Fas ligand; IP-10, . o .
IFN-inducible protein 10; MIG, monokine induced by IFN-VEGF-B, vascular ~ Tumors or mammary sites, as indicated, were resected after mice were

endothelial growth factor B. euthanized using CQasphyxiation and/or cervical dislocation. Specimens
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for routine histologic examination were fixed in formalin and embedded in(Gene Amp PCR System 2400, Perkin-Elmer/Cetus) as follows: 94°C for
paraffin. Sections were then cut aja thickness and stained with hema- 3 min (one cycle), 94°C for 30 s/56—-57°C for 1 min/72°C for 45 s (opti-
toxylin and eosin. Where indicated, tumor vascularity was assessed bgnized at between 21-32 cycles depending on the primer pair and tissue
identifying hypervascular zones in tumor sections scanned1&0 mag-  source used), and 72°C for 5 min (one cycle). PCR products were then
nification. Microvessel count within hypervascular areas, or so-called hoseparated on 1% agarose gels impregnated withg/Bl ethidium bro-
zones, has been widely reported as an index of tumor vascularity. Usingnide or stored at-20°C until further use.
such approaches, increased tumor vascularity has been found to reflect the The PCR primer sequences and predicted product sizes for the genes
presence of more aggressive disease in a wide variety of human tumorsvaluated in the present studies were as follows: G3PDH: sense, GCCAC
Hypervascular zones were defined in the present studies as focal aggrega@SAGAAGACTGTGGATGGC; antisense, CATGTAGGCCATGAGGTC
of vessel lumina with>10 visible vessel lumina per field &100 mag- CACCAC (product= 446 bp); Fas: sense, CTTCTACTGCGATTCTCCT
nification. Intact vessel lumina were defined by characteristic morphologyGGCT; antisense, TCTCCTCTCTTCATGGCTGGAAC (prodec635 bp);
with identifiable lining endothelial cells and the presence of intact RBCFasL: sense, CAGCTCTTCCACCTGCAGAAGG; antisense, AGATTC
and/or leukocytes within the vessel lumen. Branching vascular structureETCAAAATTGATCAGAGAGAG (product = 510 bp); IFN-inducible
were counted as one lumen. Vessel densities in hypervascular zones wepeotein 10 (IP-10; CRG-2): sense, ACCATGAACCAAGTGCTGCCGTC;
assessed ax100 with confirmation of morphology and vessel counts at antisense, GCTTCACTCCAGTTAAGGAGCCCT (produet 312 bp);
X200 as appropriate. monokine induced by IFN+ (MIG): sense, GATCAAACCTGCCTAGA

For immunohistochemical evaluation of local T cell infiltrationp.B3- TCC; antisense, GGCTGTGTAGAACACAGAGT (produet399 bp); vascular
thick tissue sections of formalin-fixed paraffin-embedded mammary siteendothelial growth factor-B (VEGFB): sense, AGTGGTGCCATGGATAGACG;
were warmed in a 600°C oven for 10 min, deparaffinized, and hydratedantisense, TGGCTTCACAGCACTCTCCT (prodeet 304 bp).
with deionized water. Sections were then digested with 0.5% protease VIl
for 3 min at 37°C. Slides were rinsed in deionized water, and endogenou

peroxidase activity was quenched by incubation at room temperature in 3"/%tat'5t'cal analysis calculations

hydrogen peroxide for 10 min, followed by rinsing with 0.5% Tween 20/ Tymor number data were analyzed untransformed using parametric meth-
PBS. Nonspecific binding of reagents was blocked by incubation of secyqs, The mean number of tumors per mouse in control vs IL-12/pulse
tions for 20 min in a solution consisting of 1% BSA and 1.5% normal goat || .5 treated groups were compared in pairwise fashion at day 0 (baseline)
serum. Sections were then |ncubat_ed w!th rabbit anti-human CD3 (Dakogng day 27 (end of therapy) time points using Studentast. The rate of
Carpinteria, CA) primary Ab or rabbit anti-human chloramphenicol acetyl- change in tumor number in the respective groups was compared by calculating @
transferase as an irrelevant isotype control Ab (5’3", Boulder, CO). SeCine result (number of tumors at day 27number of tumors at day 0) for each
tions were subsequently incubated for 30 min with a biotinylated goatmoyse, Mean values for the respective control and IL-12/pulse IL-2-treated =
antl-rab_b|t IgG secondary Ab (Vector_, Bu_rllng_ame, C_A) and t_hen with groups were then calculated and compared using Studeets g
ABC Elite reagent (Vector) for 30 min. Diaminobenzidene (Sigma, St.” Tymor volumes were estimated by measuring the smallest and largest
Louis, MO) was then applied for 4 min as a substrate for the peroxidasgjimensions of each tumor and calculating the product of the square of the 2
reaction. Slides were counterstained with hematoxylin, dehydrated, andmajlest dimension multiplied by the largest dimension. Cumulative tumor =
coverslipped with Permount for light microscopic evaluation. Apoptotic \olumes for each mouse were determined by summing the estimated valuesg
cells in mammary sites were detected using the in situ end-labeling techsg|culated for each site of tumor involvement. Tumor volumes were trans-
nique (ApopTag, Oncor, Gaithersburg, MD) performed on formalin-fixed formed to square roots or cube roots before analysis to achieve variance'=:
paraffin-embedded mm-thick tissue sections. stability and were analyzed using parametric methods. The mean estimated
Electron microscopy cumulative tumor vo_Iun_1e in co_ntrol S IL_-12/puIse _IL-2-tr¢ated groups
was compared in pairwise fashion at the indicated time points using Stu-
Tissue preparation for electron microscopic ultrastructural studies was dedent’st test. Where indicated, the rate of change in tumor volume in the
scribed previously (27). Individual mammary sites were initially fixed in respective groups was compared by calculating the result (cumulative tu-
4% paraformaldehyde and 2% glutaraldehyde in PBS (Tousimis, RockMor volume at day 27- cumulative tumor volume at day 0) for each
ville, MD). Fixed tissues were rinsed thoroughly in sodium cacodylate Mouse. Mean values for the respective control and IL-12/pulse IL-2-treated
buffer (0.1 M, pH 7.4; Electron Microscopy Sciences, Fort Washington, groups were then calculated and compared using Studeets The pres-
PA), trimmed into 3- to 4-mrhpieces with a single-edged razor blade, and €nce of tumor hypervascular zones in the respective treatment groups were
postfixed in 1% osmium (Stevens Metallurigical Corp., New York, NY) in compared using Fisher's exact test. )
the same buffer overnight at 4°C. Dehydration, infiltration, and embedding Comparisons of tumor number and volume data using the nonparamet-
of the tissues were conducted in a series of graded ethanol (e.g., 25, 50, 74 Jonckheere test for trend and pairwise Wilcoxon rank-sum tests yielded
95, and 100%), 100% propylene oxide (Electron Microscopy Sciences)generally the same conclusions. plvalues were obtained from two-tailed
epoxy resin LX-110 (Ladd Research, Burlington, VT), and finally in the tests of statistical significance and were considered significant when
pure epoxy resin. The epoxy resin was cured at 60°C for 48 h. The cure@® < 0.05.
blocks were then sectioned t660—60 nm with an ultramicrotome (Leica,
Deerfield, IL) using a diamond knife (Diatome U.S., Fort Washington,
PA), and mounted on a copper mesh grid. The thin sections were staine®€SUlts
in uranyl acetate and lead citrate solution to enhance the contrast. Thilireatment of established tumor
sections were stabilized by carbon evaporation in a vacuum evaporator . L
(Denton, Cherry Hill, NJ). Tissue sections were examined and photo_SeveraI previous studies in transplantable tumor models have doc-
graphed with an H7000 electron microscope (Hitachi, Tokyo, Japan). umented the therapeutic advantages of IL-12 plus IL-2 over IL-2
RT-PCR or IL-12 alone (15, 16). To assess the antitumor effects of the
IL-12/pulse IL-2 regimen in a setting where the host has been
Specimens to be used for analysis of local gene expression were snagubjected to the full spectrum of physiologic pressures associated

frozeﬁ immeldi‘i‘te“]ﬁ after resection and stored-@0°C until f‘ér/ther “S‘E-l_ +With genetically programmed neoplastic progression and tumori-
For the analysis of gene expression in mammary sites and/or establishe . . . . .. . .
tumors, total cellular RNA was isolated from snap-frozen tissue specimengenes's' we investigated its activity in the C3()TAg-transgenic

by the TRIzol method. Reverse transcription was performed in al50- Mouse model of spontaneous mammary carcinoma. Using a cohort
reaction mixture containing 50 mM Tris-HCI, 75 mM KCI, 3 mM Mggcl  of 10 mice, all presenting with single established mammary tu-
10 mM DTT, 250uM dATP, 250 uM dCTP, 250uM dTTP, 250 uM mors, complete responses were induced in 5 of 10 (50%) treated

dGTP, RNase inhibitor (0.75 W), Moloney murine leukemia virus re- ; ; _ i 0 ;
verse transcriptase (5 ), 2.5 uM oligo(dT) primer, and 1Q:g dena- mice (Fig. 1,A-C). An additional 2 of 10 (20%) treated mice

tured RNA. The reverse transcription reaction mixture was incubated agXPerienced a partial response (defined here as less than Complete
42°C for 60 min and at 95°C for 5 min, then stored -a20°C until response, but-50% reduction in estimated tumor volume), while

further use. 1 of 10 (10%) mice had progressive disease (defined her@8%

Tri;rrll—ieC'IDCSFS :ﬁ&sEg[firgfndnjnmagﬁ_rgggti?\; H?g”;gg”ﬁigilﬂgplozg‘o"" increase in established tumor volume) despite therapy. One of 10
-HCl, L » 200 » 2004 ' o oA i . ;
1M dCTP, 200uM dTTP, 0.6 U of Tagq DNA polymerase, 08M sense (10%) mice died due to apparent mechanical trauma from i.p. drug

primer, 0.5uM antisense primer, and 2,8 of the products of the reverse administration after having undergone a partial response 21 days
transcription reaction. Amplification was performed in a thermocyclerinto therapy, and 1 of 10 (10%) mice died for unknown reasons

0|UMOQ
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A 3000, ally did not recur at sites of complete response, but, rather, oc-
a2 2700 curred at different mammary sites. These results show that al-
E 2400 though potent antitumor mechanisms were engaged by IL-12/pulse
T 2100 IL-2, an adaptive memory immune response capable of overcom-
E 1800 ing the chronic oncogenic stimulus provided by the TAg was not
E 1500 achieved.
. 1200 o . . .
S 900 Administration of IL-12/IL-2 induces production of IFplus
5 600 TNF-«, up-regulates IFNy-inducible antiangiogenic
B 300 chemokines, and inhibits neovascularization
% 5 10 15 20 25 30 35 40 45 50 To investigate mechanisms accounting for the rapidly induced an-
Days After Start of Treatment titumor activity of IL-12/pulse IL-2, we have evaluated its immu-
nomodulatory and antiangiogenic activity in C3(I)-TAg mice bear-
? 12001 ing established tumors. Administration of IL-12/pulse IL-2
B 1000 induced substantial increases in circulating serum concentrations
E of both IFN-y and TNFe« compared with control mice treated with
°E’ 800 vehicle alone. Serum IFN-evels were greater than 1200 pg/mlin
% 600 mice treated with IL-12/pulse IL-2 vs 4 pg/ml in control mice
> treated with vehicle alone (not shown). Serum TiFevels were
S 400 116 pg/ml in mice treated with IL-12/pulse IL-2 compared with &
5 <1 pg/ml in control mice treated with vehicle alone (hot shown). §
= 200 Because several IFN-inducible genes have been previously g
0 associated with anti-neovascular effects, we investigated the ex-g
pression of several of these genes. As assessed by RT-PCR, thex
Days After Start of Treatment IL-12/pulse IL-2 regimen potently up-regulated expression of S
C 1200+ genes encoding the IFN-and TNFe-inducible, antiangiogenic =)
- chemokines IP-10 and MIG within the local tumor site, while ex- 2
g 1000 pression of the gene encoding the proangiogenic mediator, g
T 800 VEGF-B, was unaltered by treatment of mice with IL-12/pulse =
5 IL-2 (Fig. 2). Further, hematoxylin- and eosin-stained sections of 3
S 600 established tumors from mice treated with IL-12/pulse IL-2 or ve- 3
> hicles alone revealed substantial differences in vascularity (Fig. 3
g 400 3A). Although tumors from control mice were highly vascularized, o
E 200 those from mice treated with IL-12/pulse IL-2 were poorly vascu- <
= larized and revealed large areas of focal apoptosis/necrosis. The2
0, 3 10 IS 0 30 number of tumors with associated hypervascular zones was sig-8
Days After Start of Treatment nificantly less in mice treated with IL-12/pulse IL-2 vs control 8
o mice treated with vehicle aloney(= 0.0247; Fig. 3B). Nine of 13 S
FIGURE 1. Impact of administration of IL-12/pulse IL-2 on growth of 0 . m
established autochthonous mammary carcinoma in C3(I)TAg mice. A co-(69 ) tqmors from conirol mice had hypervasc.ular Zones cgm- &
hort of 10 mice was observed for the development of tumor. Therapy withpared with only 4 of 17 (23.5%) tumors from mice treated with 5
IL-12/pulse IL-2 was initiated after tumor growth reached an estimated“—'lz/plJlse IL2. <
cumulative volume of 500 mfor greater. Mice were treated in four dis :
tinct cohorts as outlined iMaterials and Methods. Each line represents the =
]

estimated cumulative tumor volume over the course of therapy for an in-
dividual mouse. Cohort 1 is shown &, cohort 2 inB, and cohorts 3 and CONTROL IL-12/11.-2
4 in C. Administration of IL-12/pulse IL-2 induced complete tumor re-
gression in 50% of treated mice. The death of a mouse from traumatic
injection is indicated by an asterisk, and death from apparent drug-related
toxicity is indicated by a plus sign.

G3PDH "= = s

MIG
(presumed to be drug-related toxicity) with stable disease (defined IP-10
as <50% reduction and no greater than 25% increase in tumor
volume) 11 days into therapy. We also found here that IL-12/pulse VEGF-B

IL-2 induced very rapid tumor regression, with three of five mice
(60%) that would ultimately undergo a complete response having/GURE 2. Local expression of genes encoding modulators of angio-
done so after only two cycles of therapy, and four of five (80%)genesis within established mammary tumors. Mice were treated with IL-
mice undergoing a complete response after three cycles of therapy2/Pulse IL-2 or vehicles alone as outlined Materials and Methods,

Thus, overall, 7 of 10 mice (70%) bearing established tumors untumors were resected, and RNA was isolated from individual tumors using

d t let tial hich is in stark ¢ ttthe TRIzol method. Expression of the genes encoding IP-10, MIG, and
erwent complete or partial responses, which is in stark contras 9EGF-B within established tumors was assessed via RT-PCR. Each lane

the inevitable tumor development progressive growth and deatfpresents analysis of material derived from an individual tumor site. Ad-
that occur in 100% of untreated C3(I)TAg mice (17). Follow-up of ministration of IL-12/pulse IL-2 enhanced expression of the genes encod-
treated mice demonstrated recurrence of tumors beginning severaly IP-10 and MIG, while VEGF-B gene expression was unaltered by
weeks after cessation of therapy. Interestingly, new tumors geneit-12/pulse IL-2.
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FIGURE 3. Antineovascular effects of ¥
IL-12/pulse IL-2 treatment of established

mammary tumors in C3(I) TAg mice. !
Mice bearing established mammary can-f
cers were used to evaluate the impact of !
IL-12/pulse IL-2 on tumor neovascular- ¥
ization. A, A-C are hematoxylin- and eo-

control mice as followsA (X300) andB
(X300) show areas of tumor with large
numbers of vessel lumina, whileC
(X300) shows cross-sections of tumor
neovasculature coursing over the outside
edges of the tumoD (X150),E (X750),
and F (X300) were obtained from mice
treated with IL-12/pulse IL-2 (A). These
sections reveal limited vascularization ei-
ther within or coursing over the surface of
the tumors and several areas of evolving
coagulative necrosis. The number of tu-
mor with associated hypervascular zones —
was significantly less in mice treated with ,‘,'{';
IL-12 compared with control mice treated r/"gf_’ (T,
with vehicle alone (B). Nine of 13 tumors 7% :"'a?/,.;-
(69%) from control mice had hypervascu- &% 2+ « e
lar zones, whereas only 5-17 tumors
(23.5%) from mice treated with IL-12/
pulse IL-2 had such zones.

B

80 [
N=9/13

60 -

N=5/17

PERCENTAGE OF TUMORS WITH
HYPERVASCULAR ZONES

CONTROL IL-12/1L-2

TREATMENT GROUP
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Treatment of advanced established tumor

—-
[

The ability of IL-12/pulse IL-2 to treat advanced disease as defined § i(])
by the existence of multiple mammary tumors at the time of ini- § o 9 ®

tiation of therapy was tested in two separate experiments. In theﬁ = ’; i ~';—

first experiment we compared the antitumor abilities of IL-2 and % § 6 | ) o ®
IL-12 as single agents with the combination of IL-12 plus IL-2in = |, 3 e
a setting of very advanced disease (Fig. 4). In this study mice were.2 g ; i ® ° s
randomized to therapy at about 20 wk of age when they were all § 2 —e— o o
presenting with multiple tumors and had a mean total tumor bur- z 1r @ @ ‘

den of >1200 mn?. These results showed that the combination of 0 Control IL-12 Control IL-12
IL-12/pulse IL-2 blocked the progression of tumors as determined IL-2 1.-2
by total tumor burden compared with groups treated with IL-2, Treatment Group

IL-12, or vehicle, such that by day 18 of therapy the mean totalFIGURE 5. Impact of IL-12/pulse IL-2 administration on emergence of

tumor volume in all these groups was significantly greater than thatew tumors in C3(I)TAg mice. Eleven mice were randomly assigned to
in mice treated with IL-12/pulse IL-2{< 0.05). In this transgenic  treatment with IL-12/pulse IL-2 (five mice) or vehicles alone (six mice) as
model of spontaneous tumor, these results confirm previous okputlined in Materials and Methods. The number of mammary sites with

servations in transplantable tumor models (15, 16), which demonpalpable tumor are indicated by open circles for each mouse, and mean

strate enhanced therapeutic efiicacy by IL-12/pulse IL-2 vs IL-2 Orvalues for the respective groups are represented by solid bars. Values on
ay 0 represent the pretreatment baseline, and day 27 values were obtained

IL-12 alone. Based on these results we performed a second expe

. . o . at the completion of therapy with IL-12/pulse IL-2. Administration of IL-
iment with the goal of confirming the antitumor effects of IL-12/ 12/pulse IL-2 inhibited the emergence of new sites of tumor involvement

pU:jS(té IL-2 int_th‘:i Sfr;[tir!g of a,.[dvfatr[:ced, multifocalldis:ease (Fig. S)compared with those observed in control mice treated with vehicle alone.
and to investigate the impact of therapy on neoplastic progression
and the development of new tumors. In this study although IL-12/ . . .
pulse IL-2 was unable to induce complete tumor regression alsnvolvement, in contrast to the progressive multifocal mammary
L . - ' carcinoma that developed in control mice (Fig. 5). At baseline,
expected it did effectively inhibit the growth of tumors compared trol mice had £20t / d with
with control mice treated with vehicle alone (not shown). At base-CONtO! Mice had a mean of 2.9 WMOorsimouse, compared with a
line. the mean cumulative tumor volume was 192 Hfor mice  Mean of 2.7 tumors/mouse in mice treated with IL-12/IL{2 €
assigned to the control group and 393 fiior mice assigned to ggli’nNcSo)ﬁt(r)or; Cﬁi:iétgegr?g%n (gg?(%riﬁi:g;n;gsfr%?; n;ggZﬁan;’l S
treatment with IL-12/pulse IL-2j§ = 0.32, not significant). At th ) : = S : ;
catme pulse [t = 0.32, not significant) © compared with 4.5 tumors/mouse in mice treated with IL-12/pulse ‘=:

d of th day 27), th lative t I i : :
end ot therapy (day 27), the mean cumuiative fumor volume In|L-2 (an 1.7-fold (70%) increase from baseline). The rate of emer-
control mice was 4,658 min(a 24-fold increase from baseline) S [ :
gence of new tumors was significantly slower in mice treated with

compared with 1659 mi(a 4-fold increase from baseline) in mice IL-12/pulse IL-2 than in control mice treated with vehicle alone

treated with IL-12/pulse IL-2. The rate of increase in tumor vol- (p = 0.00077), and the mean number of tUMOFS per mouse Wasg,
ignifi ly sl inmi ith IL-12/pulse IL-2 } "~ * L : .
ume was significantly slower in mice treated wit pulse significantly less in mice treated with IL-12/pulse IL-2 than in &

than in control mice treated with vehicle along £ 0.0178), and ) ~ = ) o
the mean cumulative tumor volume on day 27 was significantlycOntrOI mice on day 27 N 0'00.55.)' Although the adml_nlstratlon 5
L . . . of IL-12/pulse IL-2 effectively limited tumor progression over a @

smaller in mice treated with IL-12/pulse IL-2 than in control mice . e
(p = 0.034). Of most interest in this study, administration of IL- period of 4 wk, tumor growth does accelerate within several weeks S
| ) ' ; cessation of therapy. This result suggests that the operative tu- 1

10" jounwuw 1 [-mmmy/:dny wouy pspeojumoq

12/pulse IL-2 also suppressed the emergence of new sites of tumg . . .

P PP g mor mechanisms induced by IL-12/pulse IL-2 do not result in ef- %
fective immunologic memory. 3
~
* HBSS ¢ » -2 Delay of neoplastic progression in juvenile mice N
‘: :ﬁ ; The ability of IL-12/pulse IL-2 to prevent the emergence of new N

\ , — . . — tumor in this model suggested that this regimen might delay or

doeoe T o 5w ’ prevent the genetically programmed neoplastic transition and pro-

- 5 & ° 8 . — T ... gressive hyperplasia, atypia, and overt multi focal carcinoma that

Baelwe 47w MW Buele 47w M develop in the mammary epithelium of female C3(l)-TAg mice

(17), a process associated with loss of p53 function, dysregulation
of endogenous apoptosis, and disruption of normal epithelial cell
* IL-12 » IL-2 + IL-12 turnover (20). Specifically, TAg expression becomes evident in the
* i mammary gland between 14 and 21 days of age (20, 67). Early
» administration of IL-12/pulse IL-2 to juvenile C3(l)-TAg mice,
’ . s initiated before the expected development of severe hyperplasia,

e, Lo T L . atypia, and/or carcinoma, delayed the initial emergence of tumor
o st == % = - & by up to 4 wk compared with that in age-matched control mice

Bascline 4 7 n 14 bt} Buseline 4 4 1 1 18

Total Tumor Volume (1000 mm?)

Days after Initiation of Therapy treated with vehicle alone (Fig. 6). Further, hematoxylin- and eo-
sin-stained sections of mammary sites obtained from mice after the

FIGURE 4. Impact of IL-12/pulse IL-2 administration on total tumor . . ) _ g
burden in C3(1)TAg mice. Twenty mice were randomly assigned to treat_completlon of therapy with IL-12/pulse IL-2 revealed marked at

ment with IL-12/pulse IL-2, IL-12 or IL-2 alone, or HBSS vehicle as out- tenuatlpn of the expected hyperpla&q, atypia, and overt carcinoma
lined in Materials and Methods. Therapy was initiated at a time when theN0teéd in sections from mammary sites of age-matched control
mean total multifocal tumor volume was1200 mnf. Administration of ~ Mice treated with vehicle alone (Fig. 7). Further, the mammary
IL-12/pulse IL-2 delayed tumor growth more effectively than either IL-12 Stroma of mice treated with IL-12/pulse IL-2 was extensively in-
or IL-2 alone in mice bearing advanced multifocal mammary carcinoma.filtrated with mononuclear cells (Fig. T,andD), in contrast to the
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12 Pa characteristic fatty stroma with infrequent leukocytes observed in
5 Control R sections from control mice treated with vehicle alone (Figh @nd
10 o JL-12+1L-2 //// B).. Administrgtion of IL-12/pulse IL-? also enhanced the consti-

/ tutive expression of Fas and potently induced detectable FasL gene
expression in the mammary sites of treated mice compared with
that observed in control mice treated with vehicle alone (Fig. 8), a
finding later also confirmed by RNase protection assay (data not
shown). Of note, similar enhancement of Fas and FasL gene ex-
pression has been observed within established tumors of mice that
have been treated with IL-12/pulse IL-2 vs vehicle alone (not
shown).

Number of Tumors
per Mouse
N

Local T lymphocyte infiltration and induction of apoptosis

Age (weeks) Immunohistochemical staining of mammary sites resected from
FIGURE 6. Impact of IL-12/pulse IL-2 on neoplastic progression in ju- control transgenic mice rc_evegled a paucity OT CDBceIIs _W'th no
venile C3()TAg mice. A cohort of 11 age-matched 2-mo-old C3())TAg Clear preference for localization to ductal epithelium (FighSC),
mice was randomly assigned to treatment with IL-12/pulse IL-2 (six mice)While in mice treated with IL-12/pulse IL-2 there were large num-
or vehicle alone (five mice) as outlined Materials and Methods. At the  bers of infiltrating CD3-positive T lymphocytes compared with
completion of therapy, three randomly selected mice per group were euthose in control mice, with a substantial portion of the infiltrating
thanized for use in histology studies and analysis of gene expression (see lymphocyte population localized at the basement membrane of
also Figs. 7-9). The timing of emergence of tumor(s) at the respectivghe mammary epithelium and/or infiltrating the epithelium itself
mammary sites was monitored in the remaining mice. Each line represen%‘Fig 9, D-F). Large numbers of T lymphocytes also were ob-
the number of mammary sites with tumor in individual mice over time. Y ) : .

L — served throughout the stroma of mice treated with IL-12/pulse
Administration of IL-12/pulse IL-2 delayed the initial emergence of tumor IL-2. Furth . id based end-labeling in situ det
by 3—4 wk compared with that observed in control mice treated with ve- — < "~ Urther, using a peroxidase-based end-labeling In situ detec-
hicle alone. tion technique, tissue sections of mammary sites resected from

mice immediately after the completion of chronic therapy with

o
:
o
g

FLPCG
3 / 7 J;
s

"y

1702 ‘2 Arenige4 uo 1s9nb Aq /Bio’ jounwiwui [:mamay//:dny wiod ) po

age-matched 2-mo-old C3(l)TAg mice was randomly assigned to treatment with IL-12/pulse IL-2 (five mice) or vehicle alone (six mice) as outlined in
Materials and Methods. As noted in Fig. 6, three randomly selected mice per group were euthanized at the completion of therapy, and mammary sites wer
resected for use in histology studies or analysis of local gene expression (see also Figs. 8 and 9). Formalin-fixed, paraffin-embedded tissue sections we
stained with hematoxylin and eosin, and representative sections were photograpii®® amagnification using an Olympus BHTU microscope fitted with

an Olympus PM-10A DSP 35-mm camefeandB, Sections from control mic& andD, sections from mice treated with IL-I 2/pulse IL-2. Administration

of IL-12/pulse IL-2 attenuated the progressive hyperplasia, atypia, and overt carcinoma that developed in control mice treated with vehicleAaiGhe (see

and induced a marked increase in the cellularity of the mammary strom® (e&®).
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CONTROL  IL-12/PULSE IL-2 cell lines and/or autologous tumor (21, 22), while administration of
low dose systemic IL-2 may enhance the ability of IL-12-secreting
G3PDH %o wes s wim s o s fibroblasts to limit the growth of established MC-38 colon carci-
noma pulmonary metastases in vivo (23). Further, systemic IL-12
FAS e s v o v et e administration has been reported to potentiate the antitumor effects
of vaccination with IL-2-producing colon carcinoma (24) or gli-
FAS-L SR AT e oma (25) cells, and systemic IL-12/pulse IL-2 has been shown to

synergistically enhance the survival of mice bearing established
FIGURE 8. Impact of IL-12/pulse IL-2 administration on local expres- M5076 reticulum cell sarcoma (26).
sion of Fas and FasL genes in the mammary sites of C3()TAg mice. A We are actively investigating mechanisms that may account for
cohort of 11 age-matched 2-mo-old C3(I)TAg mice was randomly assignedhe antineoplastic activity of this combination in the autochthonous
to treatment with IL-12/pulse IL-2 or vehicle alone as outlineMaterials mammary carcinoma model used for these studies as well as a
and Methods. As noted in Fig. 6, three randomly selected mice per groupransplantable model of primary and/or metastatic murine renal
were euthanized at the completion of therapy, and mammary sites Wergarcinoma. These studies support a role for KBRd/or TNFe in
resected for use in histology studies or analysis of local gene expressio, )

(see also Figs. 7 and 9). Fas and FasL gene expression was assessed ugi.'ne antineoplastic activity of IL-12/pulse IL-2. We have shown

RT-PCR, as outlined iMaterials and Methods. Each lane represents anal- e?e that this regimen induces high circulating serum levels of both
ysis of material derived from individual mammary sites. Administration of IFN-y and TNFe. IL-12 and IL-2 also potently enhance serum

IL-12/pulse IL-2 enhanced expression of the genes encoding Fas, and #rN-y and TNF« levels and ex vivo IFNy production by acti-
particular FasL, within the local mammary site compared with that ob-vated splenocytes from mice bearing established renal carcinoma

served in control mice treated with vehicle alone. (J. M. Wigginton and R. H. Wiltrout, unpublished observations). g
Further, the antitumor activity of this combination against murine §
renal carcinoma is abrogated in mice with targeted disruption of 9
IL-12/pulse IL-2 revealed marked increases in the proportion ofthe IFN-y gene (J. M. Wigginton et al., manuscript in preparation). %
apoptotic cells compared with sites resected from control micexe have shown here that administration of IL- 12/pulse IL-2 in- =
treated with vehicle alone (not shown). To further delineate the celhibits tumor neovascularization and potently enhances the expres-g

populations undergoing apoptosis within the local mammary sitesion of the genes encoding the IFN-and TNFe-inducible, an-
sections were obtained from juvenile mice treated with a shortetiangiogenic chemokines IP-10 and MIG within established
course of IL-12/pulse IL-2 (i.e., 3 wk). These sections demonstratgnammary tumors. Production of IP-10 and/or MIG by various cell
that there is a substantial increase in cells undergoing apoptosigpes is very potently enhanced by IFN27, 28) or TNFe alone
within the mammary epithelium itself in mice treated with IL-12/ (29, 30), and the combination of IFj-and TNFe can synergis-
pulse IL-12 (Fig. 10,0-F) vs control mice (Fig. 10A-C). To tically enhance the production of IP-10 and/or MIG by various cell
clearly document the nature of the cells undergoing apoptosis, g/pes (31-33). These studies suggest that the ability of IL-12/pulse 3
detailed electron micrographic analysis of mammary tumor sitelL-2 to enhance IP-10 and MIG gene expression may be accounted 5’
resected from control vs IL-12/pulse IL-2-treated mice was per-for at least partially by the potent induction of IFN-and/or <Q
formed. In sections from control mice, characteristic hyperplasticTNF-« production by this combination. IP-10 and MIG both pos- &
epithelium is noted in a mammary duct (Fig.A)1 with normal  sess antiangiogenic activity (34—36), as does IL-12 (37). IL-12 €
ultrastructural histology apparent on higher magnification imagesidministration induces IP-10 gene expression within established &
(Fig. 11B). In sections from mice treated with IL-12/pulse IL-2, murine (38) and human (39) renal carcinoma, and in a human S
attenuation of the expected hyperplasia is again noted (Fig. 11Cjumor xenograft immunodeficient host model, the antiangiogenic
Loss of cell-cell contact, extensive cytoplasmic vacuolization, asactivity of IL-12 appears to be accounted for largely by the induc-
well as cellular degeneration and separation of the epithelium fromion of IP-10 production by IL-12 (40). In the Renca murine renal
underlying basement membrane are readily observed (FigC11, carcinoma model, we have found that administration of IL-12 and
andD). In other sections, ultrastructural changes consistent wittpulse I1L-2 can additively enhance ex vivo production of IP-10
apoptosis, including nuclear condensation and fragmentation, cyprotein by activated splenocytes and induce local expression of the N
toplasmic vacuolization, and overt cellular degeneration with apgenes encoding IP-10 and MIG within s.c. tumor implants via an

nuiw [ mamwy/:dny

‘) Krenige4

optotic bodies and cellular ghosts, are noted (Fig.ELandF). IFN-vy-dependent mechanism (J. M. Wigginton, D. Taub, J. Farber,
_ ) P. Strieter, and R. H. Wiltrout, unpublished observations). Further,
Discussion concurrent administration of neutralizing polyclonal antisera di-

Using a novel transgenic mouse model of spontaneous mammangcted against IP-10 may partially attenuate the antitumor activity
carcinoma (17), the present studies provide new evidence that syef IL-12/pulse IL-2 in Renca-bearing mice. These studies suggest
temically administered IL-12/pulse IL-2 possesses potent antitua role for IFN<y with or without TNF« and the chemokines IP-10
mor activity even in a setting where the host, as occurs in humanand/or MIG in the antitumor activity of IL-12/pulse IL-2. We pro-
with malignancy, has been subjected previously to the complet@ose a model in which administration of IL-12/pulse IL-2 mark-
genetically programmed process of neoplastic progression and tedly enhances IFNrand TNF« production, leading indirectly to
morigenesis. We found that administration of IL-12/pulse IL-2 caninduction of IP-10 and/or MIG gene expression, inhibition of tu-
induce complete regression of established autochthonous marmmor neovascularization, and delay of tumor growth as a compo-
mary carcinoma in a substantial portion of treated mice. Furthernent of the overall antitumor activity of this regimen.

this regimen exerted its antitumor effects very rapidly, with 60% of In mice bearing advanced mammary carcinoma with multiple
the mice that would ultimately undergo a complete response havtumors at baseline, we found that IL-12/pulse IL-2 yielded en-
ing done so after only two 5-day cycles of therapy. Several studiehanced antitumor effects compared with I1L-12 or IL-2 alone, and
in vitro and in vivo now have shown that in combination, IL-12 that treatment with IL-12/pulse IL-2 not only delayed the growth
and IL-2 may possess more potent antitumor activity than thabf established tumor, but also prevented the emergence of new
observed with either agent alone. IL-12 and IL-2 synergisticallytumors at other mammary sites. These findings led us to hypoth-
enhance cytolytic activity by human PBMC against various tumoresize that early administration of this regimen to juvenile


http://www.jimmunol.org/

1164 IL-12/IL-2 TREATMENT OF SPONTANEOUS MAMMARY CARCINOMA

FIGURE 9. Infiltration of T lymphocytes into mammary sites of juvenile mice treated with IL-12/pulse IL-2. A cohort of 11 age-matched 2-mo-ol
C3(I)TAg mice was randomly assigned to treatment with IL-12/pulse IL-2 or vehicle alone as outlivedérials and Methods. As noted in Fig. 6, three
randomly selected mice per group were euthanized at the completion of therapy, and mammary sites were resected for evaluation in histology stud®s
analysis of local gene expression (see also Figs. 7 and 8). Formalin-fixed paraffin-embedded tissue sections were stained with Ab directed againsf'a_liD:
the pan T lymphocyte marker, as describedViaterials and Methods. Representative sections were photographetdft magnification as described in
Fig. 7. A-C, Sections of mammary sites from control miBe;F, sections from mice treated with IL-12/pulse IL-2. Administration of IL-12/pulse IL-2
induced infiltration of large numbers of CD3-positive T lymphocytes that are found not only within the mammary stroma (starred), but also localize
close proximity to and/or invading the mammary epithelium itself (arrows;Csd€).

15916 Aq /640" jounwi i [-mmmy/:dny wodj papeo jumoq

gmem

2102

C3(I)TAg mice might delay or prevent the progressive hyperplasiatential mediators of apoptosis, in particular Fas and FasL. Fas ex-
atypia, and carcinoma that occur in this model (17). IL-12 alonepression has been observed in a range of cell types (42, 43), in-
has been shown to delay the emergence of tumors induced bgluding nontransformed (44) and preneoplastic (45) mammary
exogenous administration of the tumorigenic agent, 3-methylcholepithelial cell lines, and a wide variety of tumors or tumor cell
anthrene (41). We found that administration of IL-12/pulse IL-2 lines (42, 46, 47). FasL expression has been demonstrated in the
delayed the emergence of tumor by up to 4 wk compared witheye and testis (48, 49) as well as the small intestine, lung, and
age-matched control mice. Further, histologic evaluation of mamvarious lymphoid organs (43). More specifically, FasL gene ex-
mary sites resected from mice treated with IL-12/pulse IL-2 re-pression is up-regulated in activated CD&ut not CD4" murine
vealed marked attenuation of the genetically programmed hypersplenocytes, and is detected in cytotoxic T cell clones (43) and NK
plasia, atypia, and overt carcinoma noted in sections obtained froroells (50). The Fas /FasL apoptosis pathway has been implicated in
age-matched control mice and extensive infiltration of the mam-imodulation of T cell homeostasis (51, 52) and maintenance of
mary stroma with mononuclear cells. local immune privilege (48, 49), and is a key effector mechanism
Previous studies in this model have demonstrated that a loss af the cytolytic activity of T and/or NK cells (50, 53, 54). More
p53 function and endogenous apoptosis occur in conjunction witliecently, increasing attention has focused on the role of this path-
neoplastic progression (20) in the mammary epithelium. In light ofway in the interaction between tumors and the host immune sys-
these findings, and the ability of IL-12/pulse IL-2 administration to tem. A loss or reduction in Fas expression is associated with tran-
delay neoplastic transition in juvenile mice, we investigated thesition of some cells from a normal to a malignant phenotype (44,
impact of this regimen on local expression of genes encoding po55, 56). Further, some tumors express high levels of FasL, and
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FIGURE 10. Rapid induction of apoptosis in evolving preneoplastic lesions in C3(l)TAg mice treated with IL-12/pulse IL-2. A cohort of sever<
age-matched C3()TAg mice was randomly assigned to treatment with IL-12/pulse IL-2 or vehicle alone as ouMaéetiamls and Methods. After three N
cycles of therapy, all mice were euthanized, and formalin-fixed paraffin-embedded mammary gland tissue sections were analyzed for apopesis in situ§
Sections from vehicle-treated control mice as followg:x150) shows characteristic intraductal hyperplastic/neoplastic proliferative lesions and the low~
background level of apoptosis associated with this mdgi€k 300) shows intraductal carcinoma, again with low background levels of apopfosis?50)

shows intraductal neoplasia with a low apoptosis index. In contrast@ D (X300) shows little intraductal neoplastic proliferation with apoptotic cells

and intraluminal debrisE (X300) shows a large amount of intraductal debris and apoptotic bodies in the epitheliumi\kif&0) shows nonneoplastic
ductal epithelium in a regressing lesion with apoptotic cells within the epithelium.

evidence suggests that these tumors may defend themselves via tied TNF« rapidly up-regulated the expression of Fas on the trans-
induction of apoptosis of tumor-infiltrating Fas-positive effector plantable M6 cell line derived from a spontaneous mammary tu-
cells (56-58). In contrast, a number of other studies have showmor from C3(l)TAg-transgenic mice (J. M. Wigginton et al., un-
that cross-linkage of Fas on tumor and/or preneoplastic cell linepublished observation). Several previous reports have shown that
with anti-Fas Abs or ligation with soluble FasL may induce apo-IFN-y and/or TNFe enhance tumor cell expression of Fas- and
ptosis in vitro (44—-46, 59-61) and in vivo (60—62), suggestingFas/FasL-mediated tumor cell apoptosis (42, 44, 46). Although
that activation of the Fas /FasL pathway and induction of tumomeither IFNsy nor TNF« directly modulates the expression of
apoptosis could serve a useful role in cancer treatment. FasL (43), IL-2 induces FasL expression by murine splenocytes

Existing literature suggests that administration of IL-12/pulse(43) and human T cells (63), and enhances FasL-mediated cyto-
IL-2 and secondary induction of IFN-and TNFe production  toxicity by human CD8 T cells (63). In fact, we also have-re
may provide a unique array of signals leading to activation of thecently shown that CD8 T cells from BALB/c mice up-regulate
Fas/FasL apoptosis pathway. As noted above, administration dfasL protein in response to IL-12 and IL-2 (J. M. Wigginton et al.,
IL-12/pulse IL-2 potently enhances circulating serum levels ofunpublished observation). Further, IL-12 itself enhances FasL-me-
both IFN-y and TNF«. We also have recently found that IFN-  diated cytotoxicity by murine Thl clones in vitro (64).
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FIGURE 11. Ultrastructural histology and the induction
of apoptosis and destruction of mammary ductal epithe=
lium in mice treated with IL-12/pulse IL-2. A cohort of

treatment with IL-12/pulse IL-2 or vehicle alone as out-J2%
lined in Materials and Methods. At the completion of ther-
apy, all mice were euthanized, and individual mammar
sites were resected, fixed in 4% paraformaldehyde/2% gl

tron microscopy as described Materials and Methods.
Sections inA (X450 magnification) and@ (X4500) are
from control mice, whileC (<X900) andD—F (<4500) are
sections from mice treated with IL-12/pulse IL-2.
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We have found that administration of IL-12/pulse IL-2 not only sion of Fas on mammary epithelial cells and FasL expression on
delayed neoplastic progression in the mammary epithelium ofnfiltrating activated T cells. In this setting we propose that infil-
treated mice, but also potently up-regulated the production ofrating FasL-positive effector cells induce apoptosis of Fas-bearing
IFN-y and TNF« and the expression of the genes encoding Fagarget cells in the mammary epithelium and in so doing reverse the
and FasL within the local mammary site. Further, a large portiondysregulation of endogenous apoptosis and cell turnover that oc-
of the mononuclear cells observed infiltrating the local mammarycurs in this model and limit neoplastic progression. Administration
site in mice treated with IL-12/pulse IL-2 are CDJ cells, and  of IL-12/pulse IL-2 also up-regulates the expression of both Fas
IL-12/pulse IL-2 treatment induces apoptosis of mammary epitheand FasL within established mammary tumors, although its poten-
lial cells as evidenced by in situ end-labeling techniques (Ap-tial role in mediating tumor regression in that setting remains to be
opTag) as well as direct examination of the ultrastructural histol-defined in future studies. Previous attempts to activate Fas-medi-
ogy of the mammary epithelium using electron microscopy. Moreated apoptosis in vivo using systemic administration of anti-Fas
recently, in our transplantable murine renal carcinoma modelbs or soluble FasL have been limited by the occurrence of severe
(Renca), we have shown that administration of IL-12/pulse IL-2toxicity (60, 65). In the present studies we have demonstrated the
enhances local Fas/FasL gene expression in anjHeldpendent induction of local Fas/FasL gene expression within preneoplastic
manner within established tumors, and using FasL mutant GLDOesions and/or established tumors in vivo, using an approach that is
mice, that the overall antitumor activity of this regimen is critically not only well tolerated, but delays transition of preneoplastic le-
dependent on FasL (J. M. Wigginton and R. H. Wiltrout, unpub-sions and induces complete tumor regression in a large percentage
lished observations). We propose a model in which the combinaef treated mice. Further, the current studies represent the first re-
tion of IL-12 and IL-2 directly and/or indirectly, via induction of port of successful application of IL-12/pulse IL-2 as a preventative
IFN-y and TNF« production, enhance local constitutive expres- strategy to limit spontaneous, genetically programmed neoplastic
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progression and the use of immunotherapy to induce Fas/Fasl2.

gene expression and enhance apoptosis within preneoplastic tissue.

The potential role of SV40 TAg in these observations remains to
be elucidated. Although the kinetics of TAg expression have beens3.
established in this transgenic model (17), it is not completely clear
whether C3(I)-TAg mice are completely or only partially tolerant
to TAg. It does appear that the antitumor effects of IL-12/pulse
IL-2 in this model are not dependent on breaking tolerance to ™
SV40 TAg. Our results demonstrate the engagement of nonadap-
tive immunophysiologic mechanisms that then mediate rapid an-
titumor effects that occur in conjunction with T cell infiltration,
inhibition of neovascularization, and induction of epithelial apo-
ptosis. Previous studies have shown that although specific immu-
nization of mice that carry the SV40 TAg transgene can induce
CTL responses against T Ag and delay tumor growth, the ability to
do so is highly sensitive to the timing of onset for the expression
of the transgene in developing mice (66). More specifically, im-
munization of mice after the onset of T Ag expression was inef-
fective in inducing such responses. We have performed severaP:
experiments to investigate whether TAg-specific T cells can be
detected in mice after treatment with IL-12/pulse IL-2. Specifi- 10.
cally, we have challenged spleen and lymph node T cells from
control and IL-12/pulse IL-2-treated mice with syngeneic TAg-
pulsed dendritic cells or TAg-expressing M6 syngeneic tumor cellsi1.
in vitro and have been unable to detect TAg-specific proliferative
or cytotoxic responses. These results suggest the initial potent tu-
mor regression induced by IL-12/pulse IL-2 is independent of a T12.
cell memory response, but that this inability to generate a TAg-
specific adaptive response renders the mice susceptible to the ap-
pearance of new tumors because of the constant oncogenic stiri3.
ulus provided by the continued expression of TAg.

The current investigations provide further evidence of the potent 4.
antitumor activity of the IL-12/pulse IL-2 combination and dem-
onstrate successful treatment of established tumor in a setting

where the host immune system has been conditioned by the coms.

plete process of neoplastic progression and tumorigenesis. The
present studies also provide conceptual support for a novel appli-
cation of immunotherapy, using IL-12/pulse IL-2 to limit neoplas-

tic progression, a process shown here to occur in conjunction wit?®-

potent local activation of Fas/FasL gene expression, T cell infil-
tration, and the induction of apoptosis within preneoplastic mam-

mary lesions. These studies suggest that IL-12/pulse IL-2 might bé’-

used to therapeutically induce apoptosis in preneoplastic mam-

mary lesions and/or overt carcinoma, and in so doing not onlyis.

induce regression of established tumor, but also limit or prevent

progression of preneoplastic lesions to overt carcinoma. In thafg

autochthonous tumor models may more closely reflect the spon-
taneous occurrence of malignancies in humans and the complexi
of interactions between an evolving tumor and the host immune
system, the efficacy of IL-12/pulse IL-2 in this model provides
further supportive rationale for investigation of its potential clin-
ical utility in the treatment of human malignancy, studies that are
now being initiated.
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