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proteins(9). Furthermore, this virus is an ideal vector for the
Background: Construction of recombinant viruses that can induction of efficient cytotoxic T-lymphocyte responses to re-
serve as vaccines for the treatment of experimental murine combinant protein§10), inducing specific protective and thera-
tumors has recently been achieved. The cooperative effectspeutic immune responses to both viral and cellular tumor anti-
of immune system modulators, including cytokines such as gens(11-13).

interleukin 12 (IL-12) and costimulatory molecules such as The costimulatory molecule B7-1 is found on the surfage of
B7-1, may be necessary for activation of cytotoxic T lympho- professional antigen-presenting cells, such as dendritic cell%, an
cytes. Thus, we have explored the feasibility and the efficacy interacts with its ligands CD28 and cytotoxic T-lymphocytecan-
of inclusion of these immunomodulatory molecules in recom- tigen-4 expressed on most T cells. The simultaneous interagtion:
binant virus vaccines in an experimental antitumor model in  of 1) the complex containing the peptide and the major histo-
mice that usesEscherichia coli -galactosidase as a target compatibility complex with a specific T-cell receptor and of2)
antigen. Methods: We developed a “cassette” system in B7-1 with CD28 are essential for the effective stimulatiog of
which three loci of the vaccinia virus genome were used for antigen-specific cytotoxic T lymphocytes, mediated, in parg by
homologous recombination. A variety of recombinant vac- the up-regulation and stabilization of interleukin 2 messenger
cinia viruses were constructed, including one virus, vBB/ RNA (14). Stimulation via the T-cell receptor without costir@u—
IL-12, that contains the following five transgenes: murine lation can result in T-cell anergy or apoptosis. Although nzany
B7-1, murine IL-12 subunit p35, murine IL-12 subunit p40, tUMOrs express major histocompatib_ility complex class | g10.|—
E. coli lacZ (encodesp-galactosidase, the model antigen), cules and are able to present antigen, most do not pepvids
and E. coli gpt (xanthine-guanine phosphoribosyltransfer- gostlmu]atlon. T'ransfectlon of tumor cells with B7-1 can etgiac-
ase, a selection gene). The effects of the recombinant virusedively stimulate immunotherapeutic responges). 2

X ) . )
on lung metastases and survival were tested in animals that 1€ Cytokine IL-12 is a heterodimer composed of two gly-
had been given an intravenous injection of3-galactosidase- COProteins, p40 and p35, and is expressed primarily by activate«

expressing murine colon carcinoma cells 3 days before they B CellS, monocytes, and macrophags). This immunomodug
received the recombinant virus by intravenous inoculation. latory cytokine has a variety of functions, including the indtic-
Results: Expression of functional B7-1 and IL-12 by virally tion of nonspecific natural killer cells and the maturatiors of
infected cells was demonstrateéh vitro. Lung tumor nodules cobg" T ce.II.s Into anugen—s_,peuflc cytotoxic T lymphocyfes
(i.e., metastases) were reduced in mice by more than 95%(16)' In addition, 1L-12 can sﬂmulate type 1 CDhelper T cell§
after treatment with the virus vB7/p/IL-12; a further reduc- that can lead to the production of interferon gamma and: the

tion in lung tumor nodules was observed when exogenousind“Ction of a cell-mediated response that is essential i# the
IL-12 was also given. Greatest survival of tumor-bearing vaccine-based immunotherapy of established tumors. In&cula

mice was observed in those treated with viruses encodingt?On of mice with a combination qf inradiated t_umor cellg %nd
B-galactosidase and B7-1 plus exogenous IL-1€onclusion: fibroblast cells expressing IL—1_2 mduced partial protectlo_ﬂ tq
This study shows the feasibility of constructing vaccinia vi- supsequent challenge W't.h npnlrrad|ate<j_ tumor_cells, thus @p“'
ruses that express tumor antigens and multiple immune co- cating IL-12 as a potential 'mmune adjuvant in th_e IMmEno-
factors to create unique immunologic microenvironments therapy of cance(17). IL-12 given egogeno_usly at h|gh Ieyg]s .
that can modulate immune responses to cancer. [J Natl Can- has also been shown to have effectlvg antitumor activity incani-
cer Inst 1998:90:1881-7] mal modelg18). Several reportél 9—21)indicate that the effects

' of IL-12 are greatly enhanced when B7-1 and IL-12 are added
together.
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Vaccinia virus is a well-characterized expression ve¢#8) See"Notes” following “References.”
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To create a cytokine microenvironment favorable to the ap-

tigen-specific activation of cytotoxic T lymphocytes, we exan|- WV WR HA
ined the efficacy of IL-12 when endogenously expressed by a
recombinant vaccinia virus or administered exogenously alone -
. . . . . . p35 1k pad
or in combination with B7-1, which augments antitumor rg- «hHsapaL-12 crreer Il |

sponseg5). We have built a series of recombinant viruses that
contain as many as five transgenes inserted into three loci of fhe vampasa
viral genome to test the effectiveness of recombinant immurjo-
gens expressing a model antigen, IL-12, and B7-1. We tesjed &Ltz
these immunogens by treating a murine colon carcinoma gell

line that had been transduced with a model tumor antigsoh- VAR,
erichia coli B-galactosidase, to create a tumor line called
CT26.C25(22-24). WETIHPILAZ

The construction of these complex viruses required the de-

velopment_ of a cassette Sy_Stem that Useslthree |0Ci_ Withinﬁi& 1. Schematic representation of the genomes of recombinant vaccinia virus
vaccinia viral genome—Iloci for hemagglutinin, thymidine Ki{vv) used in this study. The murine B7-1 gene or the control measles hemag-
nase, and viral protein 37. We inserted up to five foreign genglstinin (v"MHA) gene was incorporated into the viral protein 37 (VP37) l&tus
into the viral genome by homologous recombination. The gen‘géhe Western Reserve strain of vaccinia vi(@5). Both genes were under tge

. _ . transcriptional control of the synthetic strong early/late promoter (S.E/L)2The
inserted were as followsE. coli lacZ (that enCOdes galacto model tumor-associated antig@agalactosidasep¢gal) encoded by th&sch®

sidase, the model antigerg, COl_i gpt (Xanthine'guanine PhOS-¢richia colilacz gene was introduced into the vaccinia virus thymidine kigase
phoribosyltransferase, a selection gene), murine B7-1, and tie) locus, under transcriptional control of the early/late vaccinia virus 7.5k

two subunits of murine IL-12 (p35 and p40)_ In this study, weromoter by use of a modified version of the insertion vector pSC65. To cgntrol

explored the toxicity and efficacy of a triple-recombinant Vaégr thymidine kinase disruption arfggalactosidase expression, influenza vitus
cljeoprotein (NP) was inserted into the vaccinia virus genome by use &f the

cinia virus expressing a model tumor-associated antigen aloné]/:aé?:tor pGS69. The two subunits of murine interleukin 12 (IL-12), p35 an@_p40

in Combinatign With.lL-12 and B7_'1- We e)_(plored the pO_SSib"itYG), were inserted into the hemagglutinin (HA) loci under transcriptional cBtrol
that recombinant viruses encoding specific target antigens amdhe vaccinia virus- and cowpox virus-derived strong late promoters; and

multiple immunostimulatory molecules may enhance the desifygmagglutinin gene disruption by the xanthine-guanine phosphoribosyltrahsfer-
of recombinant immunogens. ase (gpt) gene frork. coli was used as a control. VMHB/IL-12 = vaccini%
virus containing measles hemagglutinig;galactosidase, and IL-12; VEWB
AHA = vaccinia virus containing B7-13-galactosidase, and a deletionsof
hemagglutinin; vB78/IL-12 = vaccinia virus containing B7-R-galactosidasg;
and IL-12; vMHA/B/AHA = vaccinia virus containing measles hemagglutiin,
B-galactosidase, and a deletion of hemagglutinin; vB7/NP/IL=12vaccini%
virus containing B7-1, nucleoprotein, and IL-12.

MATERIALS AND METHODS
Construction of Recombinant Viruses

Three gene loci within the viral genome—viral protein @5), thymidine
kinase(7), and hemagglutinin—were used for the construction of the viruses in

this_study (Fig. 1). The murine B7-1 gene (supplied by R. Gerrr_la_in, Nation&lmﬁed by centrifugation at 30009 for 40 minutes at 4 °C over a sucr@se
In_stltutes of Health, Bethesda}, MD_) anq the measles hemaggl_utlnln gene (S&%hion(:%l). Recombinant virus names have been truncated for clarity. Ifesig-
plied by S. Rozenblatt, Tel Aviv University, Israel) were cloned into the tr"’me‘?{ations for the viruses constructed are as follows: vaccinia virus conté@ning
plasmid pRB21 under control of the vaccinia virus synthetic early/late promotgfy 1sjes hemaagglutinind-galactosidase. and IL-12 (VMHA/RL-123
(26). The protocol devised by Blasco and Md¢25) allowed us to insert the gene gg. -6- g : - ( ’ i o

; ) o A . > -1 [WMCMHA/B/IL-12]); vaccinia virus containing B7-13-galactosidase, and~a
of interest, via homologous recombination, into the viral protein 37 loci of g4jation of hemagglutinin (vBRIAHA [VMCB7/B/AHAY]); vaccinia virus con2
plague-deficient Western Reserve strain of vaccinia virus to yield the virusgﬁqing B7-1,8-galactosidase, and IL-12 (vB7/B/IL-12 [\’/MCB7/[3/IL-12])' v
terme(_j vB7-1 and_vMHA, respecuvely. TH coli lacZ gene (encoding-ga- cinia virus containing measles hemagglutirirgalactosidase, and a deletior‘,%.of
lactosidase) was introduced into the genomes of vaccinia B7-1 and Vacc'ﬁ@nagglutinin (VMHA/B/AHA [VMCMHA/R/AHA]); and vaccinia virus cof-

measles hemagglutinin by homologous recombination with the vaccinia Virfé?ning B7-1, nucleoprotein, and IL-12 (VB7/NP/IL-12 [VMCB7/NP/IL-12])}
transfer plasmid pSC65p modification of pSC6526), in which the vaccinia °

virus 7.5k early/late promoter drives expression of the lacZ gene]. Recombingtimunostaining of Virus Plaques
viruses were selected simultaneously for both their thymidine kinase-negative
phenotype(7) and their ability to expresg-galactosidas€27). The transfer The immunostaining of virus-infected cell monolayers is similar to thai3de-
plasmid pGS6928) was used to insert the gene encoding nucleoprotein frostribed previously30). Monolayers of BSC-1 cells were infected with recdih-
influenza virus under the control of the vaccinia virus 7.5k promoter. Recorhinant vaccinia virus. Medium was removed 48 hours after infection, and cells
binant virus was selected on the basis of a thymidine kinase-negative phenotypeee fixed in a 1: 1 mixture of acetone and methanol for 2 minutes. Cells were
and monolayer-immunostaining analysis. The two subunits of murine IL-M#£ashed in phosphate-buffered saline and incubated with primary antibody di-
were cloned into the plasmid pKT under the transcriptional control of vacciniated in phosphate-buffered saline containing 2% fetal calf serum (phosphate-
virus strong late promoter®) and introduced into the hemagglutinin locus ofbuffered saline-D) for 1 hour at room temperature. Cells were washed twice with
recombinant vaccinia virus by homologous recombination. Recombinant viruggmsphate-buffered saline and incubated with a 1: 1000 dilution of horseradish
were isolated by gpt selection as described previo(&dy. peroxidase-conjugated protein A (Amersham Life Science Inc., Arlington
Homologous recombination was performed by transfection of the transtdeights, IL) in phosphate-buffered saline-D. After two washes with phosphate-
plasmid into infected BSC-1 monkey kidney cells as described previg88ly buffered saline, bound immunoglobulin was visualized by the addition of 0.5 mL
Briefly, cells were infected at an approximate multiplicity of infection of 0.1 an@f substrate solution (10 mL of phosphate-buffered saline containinglL16f
incubated for 1 hour. The cells were washed three times with Opti-MEM seruB% H,O, and 200u.L of a dianisidine [Sigma Chemical Co., St. Louis, MOJ-
free medium (Life Technologies, Inc. [GIBCO BRL], Gaithersburg, MD) andaturated ethanol solution). Viruses were checked for stable expression of gen
transfected with 2-qug of plasmid DNA mixed with Lipofectin (Life Tech- products by a two-step immunostaining procedure similar to that described pre-
nologies, Inc.) according to the manufacturer’s protocol. All recombinant virusemusly (30). Plaques were initially stained with an antibody recognizing one of
were plaque purified four times under an agar overlay, and virus stocks wéne recombinant proteins; positive plaques were counted. In parallel, infected
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monolayers were stained with a rabbit anti-vaccinia polyclonal antibody. If tlehown in Fig. 4, B, is as follows: 16 mice in the group infected with vaccinia
numbers of plaques stained in the two assays were similar, the virus was cdnis containing measles hemagglutingrgalactosidase, and a deletion of hem-

sidered to be stable. agglutinin (vMHA/B/AHA) or with vaccinia virus containing B7-13-galacto-
. sidase, and IL-12 (vBR/IL-12); 13 mice in the group infected with vaccinia
Western Blot Analysis virus containing B7-1, nucleoprotein, and IL-12 (vB7/NP/IL-12); 12 mice in the

group infected with vaccinia virus containing B7{-galactosidase, and a de-
Ig}ion of hemagglutinin; and 11 mice in the group infected with vaccinia virus
containing measles hemagglutingrgalactosidase, and IL-12 (vMHA/B/IL-12)

BSC-1 cells were infected at a multiplicity of infection of 10 with the relevan
virus and incubated at 37 °C for 24 hours. Cells were harvested in 0.5 mL
solubilization buffer (0.08V1 Tris—HCI, 3% sodium dodecyl sulfate, 5% 2-mer- : )
captoethanol, 10% glycine, and 0.002% bromophenol blue). After boilin8f with phosphate-buffered saline.
samples were separated on a 10% gradient gel and transferred to a nitrocelllg)tsa(‘etistical Analysis
membrane by use of a transfer unit (Bio-Rad Laboratories, Richmond, CA).

Proteins were detected by the incubation of membranes in a 1:500 dilution OLun s containing more than 300 metastases were defined as t0o NUMErous |
sheep anti-IL-12 antibody (supplied by Stan Wolf, Genetics Institute, Cam- 9 g

bridge, MA) and a 1 : 1000 dilution of a rat anti-B7-1 antibody (Pharmingen, S?c{t;:unt. Therefore, these data were analyzed with the nonparametric two-tailec

Diego, CA). Incubation with alkaline phosphatase (Pharmingen)-conju ateduskaI—WaIIis test. The Mantel-Cox test was used to determine the statistical
9o, : phosp 9 Jug nificance of the survival data. The statistical data were analyzed for overall

anti-species antibody (1 : 5000 dilution) and then incubation with a substrate ﬁ')?f S -

alkaline phosphatase were used to visualize bound antibod itfference among the groups, and then we reanalyzed the individual comparison:
phosp Y by adjustingP values by using a Bonferonni method to reflect the fact that we

Flow Cytometry Analysis were making multiple pairwise comparisons. Rllvalues are two-sided.

Flow cytometry analysis was similar to the procedure described previou§RESULTS
(32). BSC-1 cells were infected for 18 hours at a multiplicity of infection of 10

with either recombinant vaccinia virus expressing B7-1 or control wild-typpesign, Construction, and Analysis of Recombinant

vaccinia virus. Monolayers were treated with trypsin to obtain a single—cswaccinia Virus Expressing Multiple Gene Products
suspension, and cells were incubated with anti-cytotoxic T-lymphocyte anti-

gen-4 immunoglobulin or the control ligand anti-CD71 immunoglobulin. Fluo-
rescein isothiocyanate-conjugated anti-immunoglobulin was used to quantify

woJj papeojumoq

We constructed a panel of viruses to elucidate the spgcific

ligand interactions. antitumor effects of coexpression of a model tumor-associatec
) antigen with the immune cofactors IL-12 and B7-1, either @di—
Tumor Cell Lines vidually or in combination. The panel of recombinant vacénia

CT26 is an N-nitroso-N-methylurethane-induced undifferentiated colon car¥iruses (Fig. 1) was designed so that all recombinant vi_a;lses
noma of BALB/c mouse (H-9 origin. The generation of thp-galactosidase- would express identical levels of model tumor—associated%nti-
expressing CT26.CL25 subclone has been described else@®rdriefly, a gen and immune cofactors, because identical plasmids Werg use

clgn_e of CT26 (CT26.WT) was stably transfecteq with a retroylrus vector CORyy homologous recombination. In addition, to control for3he
taining the lacZ gene under control of the retrovirus long terminal repeat. Sub;

clones were evaluated f@rgalactosidase expression and their ability to be IysegffeCtS of Vlr‘til open re_:adlng frame (?hsruptlt_ﬁmz an_d hlghg
in a®ICr release assay by cytotoxic T lymphocytes specifig¥galactosidase. level expression of foreign genes on viral replicatioritro anC%
The subclone CT26.CL25 was used in all studies. CT26.WT and CT26.CLR% vivo, we inserted control genes into the designated locioThe
were maintained in RPMI-1640 medium containing 10% heat-inactivated fei{glegs|es hemagglutinin gene was used to control for the ﬁects

calf serum (Biofluids, Rockville, MD), 0.03%-glutamine, streptomycin (100 ; P - ] N
pg/mL), penicillin (100ng/mL), and gentamicin sulfate (50g/mL) (National of recombinant vaccinia virus expression of B7-1 because Itis a

Institutes of Health Media Center, Bethesda, MD). CT26.CL25 was maintaing&ycosylated protein of similar molecular Welght. No “t”@e
in medium containing bioactive G418 (4@@/mL) (Life Technologies, Inc.). CONtrol virus” (measles hemagglutinin/nucleoprotein/gpt) was
constructed or used in these studies. We have si{a@83)thatg
wild-type fowlpox and vaccinia virus immunogens have n@ef-
Female BALB/c (H-2) mice, 8-12 weeks old, obtained from the Frederickect in this mouse model. A triple control virus (measles l®Em-
Cancer Research and Development Center (Frederick, MD) were used for, glutinin/nucleoprotein/gpt) would almost certainly bekave

animal experiments. Mice were inoculated intravenously with a lethal dosel e the wild-type virus, known to mediate the expressiofz'i of
tumor cells (5 x 1Bcells). Three days later, mice were inoculated intravenous ’

I . o .
with 5 x 10 plaque-forming units of recombinant vaccinia virus. Indicateéppmx'mately 200 gene prOdUCts' In_ other words, the eXpre,f'S'O'
groups received 0.fg of recombinant murine IL-12 (from Stan Wolf) deliveredOf three irrelevant genes by large viruses, such as those @ th
intraperitoneally for 5 consecutive days after virus inoculation. All mice wepoxvirus family, would be unlikely to alter its |mmunogen|c§y.
randomly assigned to experimental groups and ear tagged before receiving vitiguses were checked for stable expression of all recombinant
On day 12 after tumor inoculation, mouse lungs were removed and stained vqt)@ne products by use of a two-step immunostaining protgcol,

India ink, and tumor nodules were counted by an individual who was blinded d all bi t L includina th 43; .
the status of the animals as described previo(38). Mice were cared for in and aff recombinant vaccinia viruses (mC uaing those expressing

accord with institutional guidelines. The number of mice in each of the 1@ll five foreign genes) were found to be stable.

treatment groups is indicated at the bottom of Fig. 3. Similarly treated groups of Specific vaccinia virus promoters were selected for expres-
mice were followed for survival. No mice were killed early because of tumasijon of each recombinant gene. We used a vaccinia virus early
burden. No assessable mice were excluded from the analysis. The numbe‘ra?é promoter to drive expression of our model tumor-associatec
mice that could be evaluated in each of the six treatment groups shown in Fig.,. . .

4, A, was as follows: 15 mice in the group infected with vaccinia virus contaifft tigen, B—galactos_,ugiase, _becau.se early exp_ressmn has bee
ing B7-1, B-galactosidase, and IL-12 (vB7/B/IL-12) or with vaccinia virus conShown to be beneficial for induction of cytotoxic T-lymphocyte
taining B7-1, nucleoprotein, and IL-12 (VB7/NP/IL-12); 14 mice in the grou@nd immunotherapeutic respong@s). A synthetic early/late
infected with vaccinia virus containing B7-@;galactosidase, and a deletion ofgromoter was used for expression of B7-1 because we hypoth
hemagglutinin (vB72/AHA) or with vaccinia virus containing measles hemag-esized that a high level of expression of the costimulatory pro-
glutinin, B-galactosidase, and a deletion of hemagglutinin (vMBIAHA); and . b ffi . Th f t f _
11 mice in the group infected with vaccinia virus containing measles hemf}&-m may be more € ICa_CIOUS' _e use of promoters OI? expres
glutinin/B-galactosidase/IL-12 (YMHA/IL-12) or with phosphate-buffered sa- SION Of the IL-12 subunits was dictated by the expression level

line. The number of mice that could be evaluated in each treatment groupquirements necessary for stability of the heterodifegrIn

Treatment of Established Tumors
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addition, cytokines often function in a dose-dependent manner;Thus, we developed a “cassette” system in which three loci
therefore, poxvirus promoters yielding high levels of proteiof the vaccinia viral genome were used for homologous recom-
were used to drive expression of p35 and p40. We used the 7bbkation. The resulting triple-recombinant vaccinia viruses
promoter to drive expression of the model tumor-associated dnat were constructed mediated the expression of a model tumo
tigen B-galactosidase, as well as the selection gene gpt. The tamtigen 3-galactosidase, expressed alone or in combination with
7.5k promoters were positioned so that, if homologous recol®7-1 and/or IL-12. The resultant recombinant vaccinia virus
bination and subsequent gene deletion occurred between thas#ained the following five transgenes: B7-1, IL-12 (p35 and
identical sequences, the resulting virus would not be viable h®40), lacZ (the model antigen), and gpt (selection gene), all of
cause the intervening DNA region contains genes essential ¥drich were indeed expressed in their full-length functional
vaccinia virus replication. forms.

The expression of each of the transgenes was analyzed to )
ensure their fidelity before their uge vivo. Western blot analy- Active Immunotherapy of Established Pulmonary
sis was carried out on all recombinant viruses (Fig. 2, A). MiVetastases With Multiple Recombinant Vaccinia Virus
rine B7-1 was observed as a diffuse band of approximately 55 . .
kilodaltons (kDa) (Fig. 2, A; lane 1). The two subunits of murine To determine the antitumor effects of IL-12 and B7-1 when

IL-12 were bands of approximately 40 and 35 kDa (Fig. 2, Ae_xpressed independently or simultaneously with the model tu-

. . . . . Ihor-associated antigen, we treated mice bearing 3-day-ol& pul
lane 3). The expression of biologically intact B7-1 was Ve”ﬂegonary tumors with 5 x T0plaque-forming units of the respéc-

by its ability to bind one of its natural ligands, cytotoxic T-

lvmphocvte anticen-4. Anti-cviotoxic T-lvmphocvie ant en_)’live recombinant vaccinia viruses. The results from tfree
ymphocy 9 ) y ymphocy 9 \Eonsecutive and identical experiments were pooled and andlyze

immunoglobulin could bind to the surface of the majority of_. . . . =

. . . . . Fig. 3). No mice were excluded from this analysis. Treat@ent
cells infected with recombinant virus expressing B7-1, as shown . S : 3

- L .~ with a recombinant vaccinia virus expressing tumor-associatec

by flow cytometry analysis (Fig. 2, B). The activity of murine_ .. L o =
h T . “antigen alone had a statistically significant effect comparedgwith

IL-12 expressed by recombinant vaccinia virus was determin . . LT <
) . eatment with a control recombinant vaccinia virus, reduging
by measurement of the proliferative response of phorbol 12- o
e number of pulmonary metastases from more than 30040 6¢

myristate 13-acetate-activated murine splenocytes_ in the pr@:?&.OOl). Coexpression of B7-1 and the tumor-associatedanti
ence of culture supernatants from cells infected with recombj- 2

nant vaccinia virus, as described previougs). From these gen did not improve therapy.in a stati.stically significant magner
studies, it was calculated that the rateimfvitro expression of cor_prp])ared Wlthftumor-assp (?lateq antigen d"?"oni- 12 and t I3
biologically active murine IL-12 was approximately 1u§/1¢ € group ot mice receiving virus encoding -1 an “r§;°r'
cells per 24 hourg6). B-Galactosidase was determined to bgssocu_;tted aqtlgen had fewer_lu_ng metastases _than the§r0|,
enzymatically active by staining cells with 5-bromo—4—ch|oro—f:f-mmunlzed .W'th a virus containing tumor-associated angaen
indolyl B-p-galactoside alpne (median number. of metagtag§§8 versus 24), althou

' this result was not statistically significant when adjusted fotgthe
number of pairwise comparisons. This antitumor effect appearec

Fig. 2. Analysis of viral expres- to. be specifi_c for tumo_r—gssqciated antig(_an because treafmer
sion of recombinant proteing) A with recombinant vaccinia virus expressing tumor-associated
Western blot analysis of murine kDa i antigen and IL-12 was statistically significantly better than t@at—
interleukin 12 (IL-12) and murine 200 ment with recombinant vaccinia virus expressing IL-12 @nd
B7-1 is shown. Cells were in- B7-1 with trol fi | teiR<.001). C g
fected with viruses encoding ; 7-1 with a control antigen, nucleoprotei €. _). oexpres-
B7-1 (lane 1): the Western Re- : == sion o_f both_ immune cpfactors Wlt_B-gaIact03|dase did rjp_t
serve strain of vaccinia virus . _— statistically significantly improve active therapy compared gnth
(lane 2); viruses encoding B7-1, 40:. . coexpression of tumor-associated antigen and IL-12 aloné:;
Escherichia coliB-galactosidase, >
and IL-12(lane 3); or the West- _ Effects of B7-1 and IL-12 Coexpression on Survival of 2
ern Reserve straiiflane 4). B) 35 . - : : =
Flow cytometry analysis of the Mice Bearing 3-Day-Old Pulmonary Metastases g
0

interaction of recombinant vac- 1 2 34 . . . N
cinia virus expressed B7-1 with [ & ' To determ!ne whether trea}tment W!'[h recombmant vacginia
its ligand anti-cytotoxic T- virus expressing tumor-assquated a_ntlger_1 and immune n_u?dula
lymphocyte antigen-4 immuno- S000 tors could prolong the survival of mice with 3-day established
globulin (CTLA4Ig) is shown. Iﬂgl pulmonary metastases, we treated the animals with recombinar
Infected BSC-1 monkey kidney f I vaccinia virus encoding B7-1 and/or IL-12 (Fig. 4, A). Treat-
cells were incubated with cyto- = "] t with bi t .. . di t
toxic T-lymphocyte antigen-4 im- c il ment with recombinant vaccinia virus encoding tumor-
munoglobulin or control CD7 im- 3 rr Ii. assouate.d antigen alqne regulted in a stat|_st|cally S|gn|f|gant
munoglobulin (CD7lg). Ligand I (P<.001) improvement in survival compared with treatment with

T \

binding was detected by treat- l recombinant vaccinia virus encoding an irrelevant tumor-
ment with fluorescein isothiocya- 0 -I e ~

I

1

nate-conjugated antiimmuno i : | associated antigen, nucleoprotein, with B7-1 and IL-12. Coex-
globulin. The y-axis represents 10 100 1000 pression of tumor-associated antigen with B7-1 or IL-12 either

cell number, and the-axis gives — CTLAMg stzining independently or simultaneously did not increase average sur
fluorescence intensity. kDa ki- = = CL7lg staining vival times of mice in a statistically significant manner com-
lodaltons. pared with tumor-associated antigen alone.
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Fig. 3. Active treatment of established metastases with recombinant vaccifig. 4. Effects of exogenous and endogenous delivery of interleukin 12 (15-12)
virus encoding a tumor-associated antigen, murine B7-1 (B7), and murine an the survival of mice with established metastases. The following dat%have
terleukin 12 (IL-12). The following data have been compiled from three identicaken calculated from groups of at least 10 mice. Mice were inoculated wigh 5 x
experiments; the total number of mice in each group is shown in parenthesk®.CT26.CL25 tumor cells and treated 3 days latetwv@itx 10’ plaque- formlng;
Mice were inoculated with 5 x FOCT26.CL25 tumor cells and treated 3 daysunits of the indicated recombinant vaccinia virus. As indicated, some grogps of
later with 5 x 103 plaque-forming units of the indicated recombinant vaccinianice were treated with 0.&g of recombinant murine IL-12 intraperitoneally ﬁ;r
virus. Groups of mice marked “+” received exogenous IL-12 (Q.§ of re- 5 consecutive days after virus inoculatidx). Coexpression of B7-1 and IL- m
combinant murine IL-12 intraperitoneally) for 5 consecutive days after viruia vaccinia virus (vB78/IL-12) did not have a statistically significant effect:on
inoculation. Nine days after virus inoculation, mice were killed, their lungs wetbe survival of mice with establishgdtgalactosidase-positive tumors comp@ed
removed, and the metastases were counted. Solid bars indicate results fnoth 3-galactosidase expression alone (vMHA/B/AHB).Mice receiving con,
animals treated with the indicated recombinant viruses; shaded bars indidateed treatment with exogenous IL-12 and recombinant vaccinia virus @)ex-
results from animals treated with the indicated viruses and exogenous IL-pRessing B7-1 and IL-12 (vB/IL-12) had statistically significantly improvéjd
VP37 = viral protein 37; MHA = measles hemagglutinin; Tk= thymidine survival compared with mice receiving combined treatment with exogwous
kinase; NP= nucleoproteinf3-gal = B-galactosidase; HA= hemagglutinin. IL-12 and recombinant vaccinia virus expressifgyalactosidase (vMH/R//oo
AHA) Seelegend to Fig. 1 for explanation of abbreviations of treatment graups
PBS = phosphate-buffered saline.

Because the addition of exogenous recombinant murine IL-D@scussION
to recombinant vaccinia virus-based therapy further decreased
lung metastases (Fig. 3), the effect of recombinant murine This study shows the feasibility of constructing vaccmlfw-
IL-12 on survival time was examined (Fig. 4, B). Treatmenuses that express tumor antigens and multiple immune cofactor
with exogenous recombinant murine IL-12 alone wat® create unique immunologic microenvironments thatg:an
found to improve survival in a statistically significant mannemodulate immune responses to cancer. We have generated a s
when administered with or without control virus <®01) of triple-recombinant vaccinia viruses that use a “cassette” sys-
to mice bearing established CT26.C25 pulmonary tumorem for their construction. Multiply recombinant anticancer vac-
Indeed, the effects of the exogenous IL-12 appeared to masikes based on poxviruses can be constructed in this fashiol
the effects of the recombinant vaccinia virus expressirgecause three different loci within the vaccinia virus genome are
tumor-associated antigen because there was no statisticabgd. We have constructed a panel of recombinant vaccinia vi-
significant difference between this virus and one expressingses that enabled us to study the activities and contributions o
the control antigen nucleoprotein with B7-1 and IL-12tumor-associated antigen, B7-1, and IL-12 alone and in combi-
However, in the presence of exogenous IL-12, treatment witlation. Importantly, all viruses stably expressed biologically ac-
recombinant vaccinia virus containing B7-1 and tumottve IL-12, B7-1, and/or tumor-associated antigen. An advantage
associated antigen increased survival in a statistically significaritthe cassette system described in this article is the ability to
manner compared with treatment with tumor-associated antigapidly screen immunoregulatory molecules for their function in
alone (P= .02). cancer immunotherapy. Homologous recombination of one or
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more complementary DNAs could yield a recombinant vaccinia Because3-galactosidase is a xenogeneic antigen that is de-
virus encoding tumor-associated antigen and the molecule(syiwed fromE. coli and can be down-regulatéa vivo over time
interest. (38),the model described in this article can be paralleled only to

Manipulation of the immune response may be a useful addirmors that express non-self antigens such as viral antigens @
tion to current treatment options for human cancer. Lymphaiutated “self” antigens. Many of the tumor-associated antigens
cytes can recognize and destroy tumor cillgitro (2,3)andin  recently characterized in melanoma are nonmutated self antigen
vivo (36).1t is likely that a proper immunologic microenviron-(39). However, it does appear that recombinant vaccinia virus
ment will promote the induction and maintenance of an antitaan induce immune responses that can overcome tolerance f
mor immune response. Two immunostimulatory molecules thsglf antigens, as was shown for a recombinant vaccinia virus
have been implicated in the antitumor immune response aneressing the tyrosinase-related protein-1 in a C57BL/6 mouse
IL-12 and B7-1. In this article, we show the successful antigemodel system. Two inoculations with the recombinant vaccinia
specific treatment of a murine cancer by coexpressing tumeirus were able to induce autoimmunity to melanocytes (Over-
associated antigen, IL-12, and B7-1 in a recombinant vaccimidgik WW: unpublished data). Also, a related vaccinia virus
virus. The treatment showed no obvious toxicity and was effestrain, ectromelia, expressing a zona pellucida glycoprotein car
tive in reducing established lung metastases. In addition, whaduce infertility in mice(40).
exogenous IL-12 was administered with a virus coexpressingAs a result of the effort of the World Health Organizatiqn’s
tumor-associated antigen and B7-1, the treatment could increaampaign to eliminate smallpox, many people born before 970
the survival time of mice over that of mice that received exogyill have recall immune responses to vaccinia virus, pos§ibly
enous IL-12 and a virus expressing tumor-associated antigietreasing the duration of expressionvivo. In recent years;
alone. alternative agents such as recombinant fowlpox V(2B and-

IL-12 has recently been showh7)to have distinct antitumor naked DNA(41) have been developed as recombinant vedtors.
effects in several model systems. It has also been shown toAlhough we and others continue to explore the use of re§om—
effective when expressed by a recombinant vaccinia virus, &inant vaccinia virus in clinical trials, the use of immunodtla-
though only in a preliminary mod€b). The therapeutic effec- tory molecules such as B7-1 and IL-12, as well as others in§lud-
tiveness of IL-12 expressed by recombinant vaccinia virus, dag interleukin 2(33), should be explored by use of alternafive
termined to produce 1.hg/1C° cells per 24 hoursn vitro for  vectors, including DNA, expressing cloned tumor—associate_% an-
approximately 5 days [(6)Restifo NP: unpublished data], ap-tigen such as MART-1/MelanA, gpl100, and tyrosinase.
peared no different from that of treatment with exogenous IL-E"%EFERENCES
at 0.5ug per mouse per day. We observed a statistically sig- El
nificant improvement in survival of mice that were treated with() Chen L, Mizuno MT, Singhal MC, Hu SL, Galloway DA, Hellstrom | get
exogenous IL-12 and recombinant vaccinia virus expressing al. Indugt|onhof cytotoxic T Iympfrmrc])cytes spe(;lllflc for.a syngeneic tLg\or
37-1 gndB—gaIactosidase. This effect was distinct from the an- %Frlegsggifs;gfﬁg?prme'n of human papillomavirus type 16. J %mu'
tigen-independent effects of IL-12 that were observed in bot(p) Boon T, Coulie PG, Van den Eynde B. Tumor antigens recognizedBy T
sets of experiments. A statistically significant reduction in the cells. Inmunol Today 1997;18:267-8. &
number of lung metastases was observed when mice we@® Rosgnberg SA. Cancgr vaccines based on the identification of gergs en
treated with a control virus expressing an irrelevant tumor- coding cancer regression antigens. Immunol Today ;997;18:1_75—8%
associated antigen and exogenous IL-12 (Fig. 3). In additior(f,l) :ﬁ?ﬁe JW, Abrams S, Schiom J, Kantor JA In.ducno_n of am{tumoﬂm'_

1 ; . . o y by recombinant vaccinia viruses expressing B7-1 or B7-2 cosfimu
mice bearing tumors established for 3 days survived statistically |atory molecules. Cancer Res 1994:54:5552-5. Q@
significantly longer than untreated mice when administered ex5s) Chamberlain RS, Carroll MW, Bronte V, Hwu P, Warren S, Yang JC, &t al.
ogenous IL-12 alone (Fig. 4). This nonspecific effect was further Costimulation enhances the active immunotherapy effect of recontginant
illustrated by our ability to treat a tumor lacking the mode| _ 2anticancer vaccines. Cancer Res 1996;56:2832-6. %

. . . p ; (6) Meko JB, Yim JH, Tsung K, Norton JA. High cytokine production and
antigen (the CT26 cell “ne) with the ?‘qm'mStratlon of e_XOg' effective antitumor activity of a recombinant vaccinia virus encodingfmu-
enous IL-12 (data not shown). Surprisingly, coexpression of ine interleukin 12. Cancer Res 1995:55:4765-70. g
B7-1 did not enhance the treatment effect of tumor-associated) Mackett M, Smith GL, Moss B. Vaccinia virus: a selectable eukargotic
antigen or IL-12 in the lung metastases model as we have re- cloning and expression vector. 1982 [classical article]. Biotechné&logy
ported(5,21). This difference may be due to the fivefold higher _ 199%:24:495-9. _ _ _ S
dose of virus given in this study, which could have resulted irg8) Pan_lcall D, Paolettl_E_. Cor\structlon of poxviruses as clonlng_vect_or§ in-

- : . ) sertion of the thymidine kinase gene from herpes simplex virus into the
the immunostimulatory effect of the tumor-associated antigen pna of infectious vaccinia virus. Proc Natl Acad Sci U'S A 1982;79:
overwhelming the effects of B7-1 and IL-12. Also, it should be  4927-31.
noted that the function of B7-1 was demonstrated by binding t) Moss B. Genetically engineered poxviruses for recombinant gene expres:
cytotoxic T-lymphocyte antigen-4, whereas the binding effi- sion, yaccination, and safety. Eroc Natl Acad SciU S A 1996;93:11_341—8.
ciency of B7-1 to CD28 is 20-fold lowef37). In the survival (10) Bennink JR, Yewdell JW, Smith GL, Moller C, Moss B. Recombinant

. . . vaccinia virus primes and stimulates influenza haemagglutinin-specific cy-

model, however, when B7-1 was expressed in a virus along with gtoxic T cells. Nature 1984:311:578-9.
tumor-associated antigen, an enhanced effect compared with(hgBorysiewicz LK, Fiander A, Nimako M, Man S, Wilkinson GW, Westmore-
effect of tumor-associated antigen alone was observed when land D, et aI.Arecombinantvaccir_\iavirgs encoding human papi!lomavirus
exogenous IL-12 was used, suggesting that the B7-1 was capableta’;fcsetli 333- ;f'?.Elg ;;d7E7 proteins as immunotherapy for cervical cancer
(?f e_nga_gmg a positive 5|gpallng ligand, likely tF’ be CDZS‘ Th'ﬁZ) Kantor J, Irvi‘ne K., Abramé S, Kaufman H, DiPietro J, Schlom J. Antitumor
finding is in agreement with results from survival experiments = activity and immune responses induced by a recombinant carcinoembry-
performed by Rao et a(21). onic antigen—vaccinia virus vaccine. J Natl Cancer Inst 1992;84:1084-91.
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