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Double transgenic mice overexpressing the transforming rat HER-2/neu oncogene and the mutated p53, with both dominant-
negative and a gain-of-function properties, display early aggressive and metastasizing parotid tumors. Multiple acinar and ductal
hyperplasia foci overexpressing the HER-2/neu gene product are evident at wk 5 and progress to poorly differentiated carcinoma
by wk 7. Mice die before wk 18 with invasive carcinomas and multiple metastases that no longer express HER-2/neu. A combi-
nation of repeated electroporations of plasmids coding for the extracellular and transmembrane domains of the rat HER-2/neu
receptor with systemic IL-12 administrations started when the parotids that present diffuse hyperplasia protected all female and
50% of the male mice until the close of the experiment at wk 40. This combined treatment began when multifocal in situ
carcinomas that were already present cured 33% of the females and 25% of the males. The most prominent immunologic features
associated with the antitumor protection were the production of high titers of anti-HER-2/neu Abs and the nonappearance of
cell-mediated cytotoxic reactivity. In conclusion, anti-HER-2/neu vaccination combined with systemic IL-12 control parotid car-
cinomas as far as p53 mutation makes their growth independent of HER-2/neu expression. The Journal of Immunology, 2006,
176: 7695–7703.

W hile the overall incidence of salivary carcinomas is
2.5–3.0/100,000 persons/year in Western countries
(1–3), the possibility to impair their expansion or pre-

vent their onset through a specific immunity has been hardly ever
evaluated. Yet these carcinomas frequently express an amplifica-
tion of the ErbB-2 (HER-2) oncogene, and the membrane overex-
pression of its protein product (p185)4 is common and correlates
with a poor prognosis (4–7). p185 is a receptor tyrosine kinase
related to the epidermal growth factor receptor family. Its overex-
pression leads to the formation of homo- and heterodimers that
deliver mitogenic signals to the cells and are thus responsible for
the initiation and progression of neoplastic transformation (8–11).

BALB-neuT transgenic mice carrying the transforming rat (r-)
HER-2 oncogene under the transcriptional control of the mouse
mammary tumor virus overexpress the r-p185 in their mammary,

salivary, and harderian glands and the epididymis. However, all
female BALB-neuT mice develop lethal mammary carcinomas
(12), whereas indolent acinar parotid adenocarcinomas arise spo-
radically in aging males (13).

Inactivation of p53 is another common genetic event of human
salivary and breast carcinomas (14–17). As p53 deficiency syner-
gizes to promote HER-2 carcinogenesis (17), we first generated
BALB-neuT mice with knocked out p53 gene (BALB-neuTp53
KO). However, as these mice develop simultaneously more than
one type of tumor, the potential of a vaccine to cure and prevent
salivary carcinomas cannot be neatly teased apart (18).

In the present study, BALB-neuT mice were made transgenic
for a mutated form of p53 (BALB-neuT/p53172R-H mice) that more
closely resembles the human Li-Fraumeni syndrome (19). Substi-
tution of aa 172 from arginine to histidine (R-H) is the mouse
equivalent of the most common p53 alteration (175, R-H) in hu-
mans. It results in a gain-of-function and not just a dominant-
negative phenotype (20). Transgenic female mice expressing
p53172R-H targeted by a whey acidic protein promoter showed no
apparent alterations in normal salivary and mammary development.
Even so, they displayed increased genomic instability and developed
mammary carcinomas with shorter latency and faster kinetics than
their control littermates in response to dimethylbenz(a)anthracene
(21). The p53172R-H mutant allele predisposes mice to a spectrum of
tumors that is distinct from that produced by null alleles (22). More-
over, p53 null mice develop less aggressive tumors (23).

Male and female BALB/c mice combining r-HER-2 and
p53172R-H overexpression (BALB-neuT/p53172R-H mice) quickly
develop fast-growing and highly metastasizing parotid gland car-
cinomas, whereas the slow progression of their mammary tumors
is similar to that of parental BALB-neuT mice and they do not
develop mesenchymal tumors. While the cells of early stages of
parotid gland neoplastic growth, namely ductal and acinar hyperpla-
sia, strongly overexpress membrane and cytoplasmic r-p185, in situ
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carcinomas are less intensely r-p185!, and invasive, poorly differen-
tiated carcinomas almost completely lose r-p185 expression. BALB-
neuT/p53172R-H thus provide a realistic model for determination of the
preventive and curative efficacy against an aggressive salivary carci-
noma of a simple and well-defined vaccination regimen that has
proved effective against slow growing and constantly r-p185! mam-
mary tumors (24). In these mice, systemic administration of IL-12
combined with i.m. DNA electroporation of plasmids coding for the
extracellular and transmembrane domains of the r-p185 (EC-TM plas-
mids) persistently prevented carcinoma onset in most mice. The most
prominent immunologic features were the production of high titers of
anti-r-p185 Abs and the nonappearance of cell-mediated cytotoxic
reactivity. The reduced ability to inhibit the growth of multifocal in
situ carcinomas goes along with their progressive reduced expression
of r-p185.

Materials and Methods
BALB-neuT/p53172R-H mice

BALB-p53172R-H were obtained by crossing BALB/c wild-type mice
(Charles River Laboratories) with FVB/NTgN(Trp53R172H)8512Jmr
mice (The Jackson Laboratory) for more than 12 generations. BALB-neuT
transgenic mice carrying the activated r-HER-2 oncogene under the tran-
scriptional control of the mouse mammary tumor virus enhancing/promoter
have been generated in our laboratories (12). BALB-neuT/p53172R-H mice
generated by crossing BALB-p53172R-H females with BALB-neuT males
are hemizygous for both the activated r-HER-2 transgene and the murine
p53172R-H transgene driven by the whey acidic protein promoter. They
were assigned randomly to the control and treatment groups. Similar results
were obtained when each experiment was repeated two to three times. The
data were cumulated in the figures and tables. Mammary and parotid glands
were inspected weekly to note tumor appearance. Tumor masses were mea-
sured with calipers in two perpendicular diameters. Progressively growing
masses " 1 mm in mean diameter were regarded as tumors. Mice were
treated according to the European Union guidelines and to protocols ap-
proved by the University of Torino Review Board.

IL-12 administration

Recombinant mouse IL-12 (provided by Dr. S. Wolf, Genetics Institute,
Cambridge, MA) was diluted in PBS supplemented with 0.01% mouse
serum albumin (MSA; Sigma-Aldrich) and administered i.p. as described
previously (12, 25). Starting from the fifth or seventh week of age, mice
received a course of one weekly i.p. injection of 0.2 ml of PBS containing
MSA plus 100 ng of IL-12, for 4 wk, followed by a 3-wk rest. This course
was repeated throughout their life.

Preparation of EC-TM plasmids and in vivo electroporation

The pCMV vector was derived from the pcDNA3 plasmid (Invitrogen Life
Technologies) by deleting the SV40 promoter, neomycin resistance gene,
and SV40 poly(A). The sequence for the the extracellular (EC) and trans-
membrane (TM) domains of the protein product of mutated r-p185 were
generated from the PCR product using the primers 39-CGCAAGCTTCAT
CATGGAGCTGGC-59 and 39-CGGAATTCGGGCTGGCTCTCTGC
TC-59 and the primers 39-CGCAAGCTTCATGGAGCTGGC-59 and 39-
ATGAATTCTTTCCGCATCGTGTACTTCTTCCGG-59, respectively, as
previously described (26). PCR products of the expected size were isolated
by agarose gel electrophoresis, digested with HindIII and EcoRI, and
cloned into the multiple cloning site of the pCMV plasmid to obtain the
EC-TM plasmid used in this work. The leader sequence is the same as
r-p185 (63 bp from the ATG starting codon of the cloned cDNA). DNA
was precipitated, suspended in sterile saline at 1 mg/ml, and stored in
aliquots at 20°C for use in immunization protocols (27, 28). Twenty-five
micrograms of empty and EC-TM plasmids in 20 !l of 0.9% NaCl with 6
mg/ml polyglutamate were injected bilaterally into the tibial muscle of the
hind legs of anesthetized mice. Two 25-ms transcutaneous electric pulses
were generated by a T820 electroporator (BTX) with a field strength of 375
V/cm, as previously described in detail (24, 29). Plasmids were electropo-
rated during the first and third week of each IL-12 course and at the same
times in the mice that received plasmid electroporation only.

Morphological analyses

For histologic evaluation, tissue samples were fixed in 10% neutral-buff-
ered Formalin, embedded in paraffin, sectioned at 4 !m, and stained with

H&E. For immunohistochemistry, paraffin-embedded or acetone-fixed cry-
ostat sections were immunostained with anti-p185 (clone C-18) (Santa
Cruz Biotechnology), anti-proliferative cell nuclear Ag (PCNA) (clone
PC10) (DakoCytomation), anti-tenascin C (clone MTn-12) (Abcam), and
anti-endothelial cells (CD31, PECAM-1, clone MEC13.3) (BD Pharmin-
gen), Abs. After washing, sections were overlaid with biotinylated goat
anti-rat and anti-rabbit Ig (Vector Laboratories) for 30 min. Unbound Ig
was removed by washing, and slides were incubated with avidin-biotin
complex /alkaline phosphatase (DakoCytomation). For double immunoflu-
orescent staining and confocal analyses, acetone-fixed frozen sections were
washed for 5 min in PBS and incubated for 30 min with the first primary
Ab. The slides were then washed in PBS for 5 min. Next, sections were
incubated for 30 min with biotinylated secondary Ab, washed, and incu-
bated with Alexa Fluor 488-conjugated streptavidin (Molecular Probes)
(1/800) for 20–30 min. After washing, sections were incubated for 30 min
with the second primary Ab, washed again, and incubated for 30 min with
biotinylated secondary Ab. After washing, sections were incubated with
Alexa Fluor 594-conjugated streptavidin (Molecular Probes) (1/800) for
20–30 min and then washed. Cross-reaction between the first secondary Ab
and Alexa Fluor 594 was prevented by saturation of all its binding sites
with Alexa Fluor 488. Slides were mounted with Vectashield medium
(Vector Laboratories) and examined with a Zeiss LSM 510 Meta laser
scanning confocal microscope (Zeiss).

Cells

TUBO r-p185! cells are a cloned cell line from a carcinoma arising in a
BALB-neuT mouse (28), whereas r-p185! 3T3-NKB cells are from
BALB/c 3T3 fibroblasts stably cotransfected with the wild-type r-HER-2,
mouse class I H-2Kd and B7.1 genes (24). Cells were cultured in DMEM
(BioWhittaker Europe) supplemented with 20% FBS (Invitrogen Life
Technologies).

FIGURE 1. Onset of ductal and acinar hyperplasia in the parotid glands
of BALB-neuT/p53172R-H mice. At 3 wk of age, large cells expressing
r-p185 (in green) become visible in some ducts (a) and acini (b) of the well
vascularized (red-stained microvessels) parotid glands. At 4 wk, these cells
gave rise to intercalated ductal (c, arrows) and acinar (c, arrowheads) hy-
perplasia consisting in a nodular assembly of ductal structures with a cen-
tral lumen lined by a single layer of epithelial cells. Acinar hyperplasia is
characterized by enlarged acini packed with polygonal cells with granular
cytoplasm and hyperchromatic dense nuclei. a and b, #1000; c, #200.
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Ab response

Sera were collected at week 9, 20, and 40 from individual mice that had
received two EC-TM plasmid electroporations and four systemic admin-
istrations of IL-12. After 1/100 dilution in PBS-azide-BSA (Sigma-
Aldrich), the presence of anti r-p185 Abs was determined by flow cytom-
etry using 3T3-NKB cells. FITC-conjugated goat anti-mouse Ab specific
for mouse IgG Fc (DakoCytomation) was use to detect bound primary Ab.
For control, we used a normal mouse serum. mAb Ab4 (Oncogene Re-
search Products), which recognizes the EC domain of r-p185, was used as
a positive control. After washing, cells were resuspended in PBS-azide-
BSA containing 1 mg/ml propidium iodide to remove dead cells and eval-
uated in a CyAn ADP (DakoCytomation). Serial Ab4 dilutions were used
to generate a standard curve to determine the concentration (!g/ml) of anti
r-p185, as previously described in detail (24). For isotype determinations,
individual sera from three 16-wk-old mice were diluted 1/20 and incubated
with BALB/c 3T3 and BALB/c 3T3-NKB. Cells were then incubated for
30 min with rat biotin-conjugated Ab anti-mouse IgA, IgM, IgG1, IgG2a,
IgG2b, and IgG3 (Caltag Laboratories). After washing, cells were incu-
bated with 5 !l of streptavidin-PE (DakoCytomation) and resuspended in
PBS-azide-BSA containing 1 mg/ml propidium iodide to gate dead cells.
Flow cytometry was performed with a CyAn ADP (DakoCytomation).

In vitro and in vivo cytotoxicity assays

Fresh or restimulated spleen cells (Spc) were assayed in a 48-h [3H]TdR
release assay at E:T from 50:1 to 6:1 in round-bottom, 96-well microtiter
plates in triplicate as previously described in detail (29). Spc were restim-
ulated in vitro by culturing for 6 days 1 # 107 cells with 5 # 105 mito-
mycin C (Sigma-Aldrich)-treated r-p185! TUBO or 3T3-NKB cells in the
presence of 10 U/ml rIL-2 (Eurocetus). In some experiments, Spc were
pulsed for 48 h with BrdU labeling solution at 37°C in 5% CO2 with 5 or
2.5 !g/ml of the r-p18563–71 (TYVPANASL) (INBIOS Srl; Biotech Prod-
ucts). This peptide is predicted to bind the H-2d glycoproteins with high
affinity ($www.syfpeithi.de/%). It was assayed for amino acid composition,
HPLC homogeneity, and mass spectrometry weight, dissolved in PBS, ali-
quoted at 1 mg/ml, and stored frozen at &20°C until used. BrdU uptake
was detected with the cell proliferation ELISA BrdU kit (Roche
Diagnostic).

In vivo cytotoxicity assay was performed as described by Ritchie et al.
(30), with slight modifications. Briefly, a single-cell suspension of 107

naive Spc/ml were labeled with two different concentration (0.5 or 5.0 !M)
of the fluorescent dye CFSE (Molecular Probes). Spc labeled with 5 !M
were also pulsed with r-p18563–71 9-mer peptide with H-2Kd restriction
element (31) for 1 h at room temperature. The two Spc populations were
mixed together in equal amounts and injected i.v. into three control and
treated mice. Mice were sacrificed 48 h later, and single-cell suspensions

from spleens were processed individually to evaluate the presence of CFSE
high and low cells by CyAn ADP (DakoCytomation) after adding pro-
pidium iodine to exclude dead cells. The specific cytolytic activity was
calculated as: 100 # (percentage CFSElow cells & percentage CFSEhigh

cells)/percentage CFSElow cells.

Results
Progression of carcinogenesis in parotid glands

A few strongly r-p185! epithelial cells were initially evident in the
intercalated ducts and acini of the parotid glands of 3-wk-old
BALB-neuT/p53172R-H mice. One week later, they also expressed
the PCNA and gave rise to multiple foci of typical ductal and
acinar hyperplasia (Fig. 1). During the fifth week, the acinar hy-
perplasia shrank, whereas the typical ductal areas expanded and
became atypical (Fig. 2, a–c). In the seventh week, the parotid
glands of most mice displayed multifocal in situ carcinomas
wherein the ducts were replaced by discrete, rounded, solid aggre-
gates of r-p185! and PCNA! neoplastic epithelial cells with no
lumens or fenestrations (Fig. 2, d–f). From the eighth week on-
ward, these areas merged to form poorly differentiated larger tu-
mors. Tumor progression was paralleled by a progressive reduc-
tion in r-p185 expression that was almost undetectable in the cells
of carcinomas of 10-wk-old mice. By contrast, positivity remained
high and widely distributed (Fig. 2, g–i). The lung metastases ob-
servable from the 10th wk were also r-p185 negative. Progressive
disappearance of r-p185 expression unaccompanied by a parallel
reduction in PCNA expression was never found in p-185! carci-
nomas arising in BALB-neuT mice (12, 28, 29, 32). After the 10th
wk, the parotids also displayed lesions in dissimilar progression
stages wherein progressive diminution of p-185 expression from
the more to the less differentiated stages was evident (Fig. 2, j–l).
This tumor progression occurred earlier in the males. At 4 wk of
age, in fact, their multifocal hyperplasia was substantially more
advanced and wider, while typical hyperplasia had already pro-
gressed to atypical hyperplasia and in situ carcinomas were present
in '50% 1 wk later (data not shown).

The network of small vessels and capillaries supplying the hy-
perplastic areas was slightly more developed and irregular than

FIGURE 2. Features of in situ and advanced car-
cinoma developing in the parotid glands of BALB-
neuT/p53172R-H mice. Parotid glands of 7-wk-old
mice (left panels) display foci of in situ carcinoma
(a) formed of nests of epithelial cells with clear eo-
sinophilic cytoplasm and enlarged nuclei, the major-
ity of which overexpress r-p185 (in brown, b) on
their cell membrane, and actively proliferate, as
shown by nuclear PCNA positivity (in black-red, c).
Around wk 8, these lesions progressed toward a
poorly differentiated carcinoma consisting of large,
round to polygonal cells with large and pleomorphic
nuclei (d) that overexpress r-p185, particularly at the
edges of tumor lesions (e), where actively prolifer-
ating cells are concentrated (f). At 10 wk of age, in
the poorly differentiated large tumors (g), p185 ex-
pression is almost absent (h), whereas the nuclear
PCNA positivity is widely distributed (i). After the
10th wk, tumor lesions at different stages were
present (j). Their p185 expression gradually dimin-
ished from the more to the less differentiated stages
(k), and there was a broad positivity for PCNA (l).
a–c, #400; d–l; #200.
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that of the normal parotid gland of BALB/c mice or the healthy
parotid tissue of BALB-neuT/p53172R-H mice (Fig. 3, a and b). The
vascular network inside the frankly carcinomatous areas was
smaller than that of normal and hyperplastic glands but composed
of larger, thicker-walled vessels. Laser scanning confocal analyses
revealed that the appearance of PCNA! and r-p185 ! cells in the
parotid lesions was accompanied by a strong production of tena-

scin-C, a member of a large family of extracellular matrix proteins
whose expression is associated with a migratory or invasive tumor
cell phenotype (33, 34). Tenascin-C accumulated along the base-
ment membrane lining hyperplastic and neoplastic aggregates and
the related microvessels (Fig. 3, c and d).

In addition, 3-wk-old BALB-neuT/p53172R-H females began to
display multifocal hyperlastic foci in their mammary glands. These
progressed to in situ lobular carcinomas and invasive carcinomas
in the few mice left alive after the 14th wk of age. This progression
was similar to that described in BALB-neuT mice. Most mice suc-
cumbed during the 11th and 12th wk of age due to overgrowth of
the poorly differentiated and invasive parotid carcinoma and its
lung metastases.

Prevention of carcinomas

As previous work had shown that DNA vaccination combined with
IL-12’s antiangiogenic and immunomodulatory activity slows the
progression of mammary lesions in BALB-neuT mice and mark-
edly potentiates anti-HER-2 immunity (24), we determined
whether this combination is also effective against the very fast
progression of the parotid lesions of BALB-neuT/p53172R-H mice
in which p53 had lost its normal function. Therefore, throughout
their life, these mice received courses of four weekly i.p. injections
of 100 ng of IL-12, followed by a 3-wk rest, together with i.m.
electroporation of EC-TM plasmids during the first and third week
of each course.

In this preventive setting, the first IL-12 injection was admin-
istered at the fifth week of age, when the parotid glands display
multiple typical hyperplastic foci that already overexpress r-p185
(Fig. 4).

All untreated mice and all those who received IL-12 or either
empty or EC-TM plasmids alone developed bilateral lethal parotid
carcinomas (Fig. 5a), although only a single tumor appeared or
tumor multiplicity was significantly reduced when EC-TM plas-
mids were used without IL-12. Moreover, "70% of mice that re-
ceived the combination courses were tumor-free at wk 40 when the
experiment ended (Fig. 5b). All five female mice and 50% (three
of six) of the male mice were tumor-free (Fig. 5b). Despite such
small numbers, this difference points to a sex-linked discrepancy in
the protection afforded by the combined treatment.

FIGURE 3. Microvessel distribution and tenascin-C production during
the progression of hyperplasia to advanced carcinoma in the parotid glands
of BALB-p53172R-H mice. Microvessel network (in red) and r-p185 ex-
pression (in green) in normal parotid gland, hyperplastic gland (b and c),
and in poorly differentiated (advanced) carcinoma (d). The network is well
represented in the normal parotid gland, where r-p185 expression is absent
(a). It twins the small hyperplastic ducts and is more developed inside the
hyperplastic areas formed by r-p185 cells. The onset of hyperplasia is
associated with a marked production of tenascin-C (in red), which accu-
mulates beside to r-p185-expressing (in green) cells along the basement
membranes (c); tenascin-C abundantly lines highly r-p185! neoplastic
nests and vessels in the poorly differentiated carcinoma (d). a and b, # 400;
c, #1000; and d, #600.

FIGURE 4. Progression of parotid carcinogene-
sis in untreated BALB-neuT/p53172R-H mice. Indi-
cation of the time of i.p. IL-12 administration (red
arrows) and DNA vaccination through electropora-
tion (black arrows). In the surviving mice, IL-12 ad-
ministration, DNA vaccination, or their combination
was repeated after 3 wk of rest until the end of the
experiment or the death of mice.
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Pathological findings associated with carcinoma prevention

Histological inspection of the parotid glands of 9-wk-old mice, i.e.,
1 wk after the end of the first course (see Fig. 4), showed that
several reactive cells had infiltrated the stroma. Epithelial cell
ghosts and hemosiderin accumulations were the outcome of mi-
croinflammation and hemorrhage (Fig. 6a). Histological examina-
tion of tumor-free mice at wk 20 (4 wk after the end of the second
course) disclosed normal parotid glands (Fig. 6b) free from
r-p185! and PCNA! cells (Fig. 6c), a normal microvessel density
(Fig. 6d) and tenascin-C lining only normal striated and interca-
lated ducts (Fig. 6e).

Cure of HER-2 carcinomas

The remarkable ability of this combination to block parotid carci-
nogenesis and prevent carcinoma onset prompted us to assess its
ability to cure initial and actively proliferating in situ carcinomas.
All BALB-neuT/p53172R-H mice receiving electroporations alone
starting from wk 7 developed parotid carcinomas, even though
tumor multiplicity was reduced (Fig. 5a). By contrast, '30% of
mice (25% of males and 33% of females) receiving the combina-
tion from wk 7 onward was tumor-free at wk 40 (Fig. 5c). Their
parotid glands were absolutely normal and free from r-p185! and
PCNA! cells. Postinflammatory fibrotic foci were absent or very
scanty. The lower preventive efficacy of the combination was
probably due to the earlier appearance of r-p185! cells and the
faster progression of parotid carcinogenesis in male as opposed to
female mice.

Immune events associated with vaccination

High titers of anti r-p185 Abs were present in the sera of mice after
the first course (Fig. 7a), whereas significantly lower titers were
found when electroporation was given alone and no Abs were

observed in untreated mice and those receiving IL-12 or empty
plasmids only. At wk 16, anti-r-p185 Abs were of the IgG sub-
classes, with IgG2a as the most represented (Fig. 7b). Spc col-
lected at 9, 16, and 40 wk of age from mice receiving the combi-
nation, whether freshly isolated or recovered from 6-day cultures
with mitomycin-C-inactivated r-p185! TUBO and 3T3-NKB
cells, displayed a marginal cytotoxicity against both TUBO and
3T3-NKB targets (data not shown). Marginal or absent cytotoxic
responses were observed when the assays were performed earlier
and later. As the dominant r-p185 epitope recognized by CTL in
BALB/c mice has been defined (31), it was possible to assess both
the cytotoxic response triggered in vivo (Fig. 7c) and the prolif-
erative response of Spc in vitro (Fig. 7d). While nontolerant wild-
type BALB/c female mice treated from wk 5 with IL-12 and DNA
vaccine developed a marked cytolytic response to target Spc
pulsed with r-p18563–71 (TYVPANASL) peptide with H-2Kd re-
striction element, no significant cytotoxicity was evident in trans-
genic BALB-neuT/p53172R-H females (Fig. 7b). This lack of cy-
totoxic response in vitro and in vivo fits in well with the reduced
proliferative response of Spc from BALB-neuT/p53172R-H-vacci-
nated mice, as compared with wild-type BALB/c-vaccinated mice,
when incubated with the TYVPANASL peptide as evaluated 1 wk
after the first course of IL-12 and DNA vaccine (Fig. 7c).

Discussion
Present data show, probably for the first time, that the combination
of DNA vaccine electroporation with systemic IL-12 administra-
tion effectively and sustainedly prevents the onset of parotid car-
cinomas in most genetically susceptible BALB-neuT/p53172R-H

mice and cures their actively proliferating multifocal in situ parotid
carcinomas in '30%. These results extend previous demonstra-
tions of the ability of this combination to protect against both a

FIGURE 5. Ability of IL-12 in combination with EC-TM plasmid electroporation to prevent the progression of atypical hyperplasia and cure in situ
parotid carcinomas. Tumor multiplicity and cure in BALB-p53172R-H mice following the various treatments started at 5 or 7 wk of age (a). When male and
female mice were evaluated separately, a significantly better protection (p ( 0.0001) is evident in females treated starting at 5 wk of age (b). When the
treatment was started at 7 wk, this difference disappeared (c).
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slowly progressing HER-2 mammary carcinogenesis (12, 24, 35)
and a fast and devastating model of parotid carcinogenesis whose
earlier stages are characterized by r-p185 overexpression that de-
creases as tumor progresses.

In BALB-neuT/p53172R-H mice, fast and lethal parotid carcino-
genesis stems from an association of HER-2 oncogene activation
with p53 oncosuppressor gene functional inactivation. In its early
stages, combination of DNA vaccine electroporation with systemic
IL-12 is highly effective, whereas electroporation and IL-12 alone
are ineffective. As r-p185 overexpression is markedly evident dur-
ing the early parotid hyperplasia and decreases during the passage
from in situ to invasive carcinoma, the combination becomes less
effective. A similar progressive disappearance of r-p185 expres-
sion unaccompanied by a parallel reduction in PCNA expression
was never observed in p-185! carcinomas arising in BALB-neuT
mice. In these mice, r-p185 is equally overexpressed in preneo-

plastic lesions, invasive cancer, and metastatic cells (12, 28, 29,
32). During the progression of the parotid lesions in BALB-neuT/
p53172R-H mice, PCNA cell positivity remains widely distributed
and thus becomes progressively less coupled with r-p185 expres-
sion. This suggests that the p53 deficiency promotes genetic in-
stability and favors the emergence of tumor clones whose growth
becomes independent from HER-2 overexpression (36–38).

The double requirement of HER-2 oncogene activation and p53
inactivation makes several features of BALB-neuT/p53172R-H on-
cogenesis akin to that in humans (39). Most human salivary gland
carcinomas, especially the more aggressive forms, are associated
with amplification of the HER-2 oncogene and overexpression of
its product. Overexpression and functional impairment of p53 have
been noted in most salivary polymorphous low-grade carcinomas,
squamous cell carcinomas, and carcinomas arising in benign le-
sions, such as pleomorphic parotid adenomas (14–16), where the
appearance of cells with nuclear p53 accumulation is regarded as
the originating precancerous lesion (16).

In a preventive setting, DNA vaccine electroporation combined
with systemic IL-12 administration started on wk 5 blocked the
neoplastic progression of hyperplastic and preneoplastic lesions in
70% of mice (100% of the females and 50% of the males). When
it was started at wk 7 to cure tumors, it was successful in '30%
of mice of both sexes. These results show that this combination is
an extremely effective way of both blocking the progression of and
destroying r-p185! cells accumulated in typical and atypical hy-
perplasia foci but has a limited ability to cure in situ carcinomas.
The preventive treatment was less effective in males, probably be-
cause areas of r-p185-negative carcinoma were already present,
whereas in females of the same age there were only typical and
atypical hyperplasia foci and carcinomatous lesions appeared later.
The earlier development of such foci in males, coupled with the
presence of carcinoma as early as the fifth week, is in line with the
observation that in rodents the development of the salivary ducts,
which in BALB-neuT/p53172R-H mice contain the most r-p185 ex-
pressing cells, is under multihormonal regulation and larger in
males (40).

The curative potential of IL-12 in combination with DNA vac-
cine was associated with a marked anti-r-p185 Ab response in the
absence of a significant CD8 T cell-mediated cytotoxicity. This
absence is not surprising, because HER-2 transgenic mice express
r-HER-2 in the thymus, and central and peripheral tolerance takes
place (41, 42). Spectratyping (43) showed that central tolerance in
transgenic BALB-neuT and BALB-neuT/p53172R-H mice mainly
acts by silencing the CD8! component of the TCR repertoire,
although an high avidity CD4! T cell response escapes tolerance
induction (S. Rolla, F. Cavallo, and F. Ria, manuscript in prepa-
ration). Induction of a high titer of Abs appears to account for both
the prevention and cure of fast growing and early metastasizing
salivary carcinomas. These provocative findings are germane to
similar results observed in mice transgenic for HER-2 oncogene
that undergo mammary carcinogenesis, which show that vaccine-
induced inhibition of HER-2 carcinogenesis mostly, if not solely,
rests on the elicitation of a high titer of anti-HER-2 Abs (26, 28,
44–46). By hampering r-p185’s ability to form homo- and het-
erodimers that spontaneously transduce proliferative signals (47)
and by stripping r-p185 from the cell membrane and causing its
internalization in the cytoplasm (48–50), Abs inhibit the cell sig-
naling properties of r-p185 and block the proliferative ability of
HER-2! tumor cells (11, 29, 44). Anti-r-p185 Abs also affect tu-
mor growth by mediating Ab-dependent cell-mediated cytotoxicity
and complement-dependent cytotoxicity (51).

FIGURE 6. Features associated with tumor prevention by the “early”
vaccination plus IL-12 treatment in female BALB-neuT/p53172R-H mice.
Parotid gland of 9-wk-old treated mice (a) showing reactive cells (arrows)
penetrating the stroma and in tight contact with ductal and acinar cells
ongoing destruction (arrowheads). Hemosiderin accumulation (orange de-
posits) suggests that microvessel hemorrhage also occurred. At 20 wk of
age, treated healthy mice showed histologically normal parotid glands (b)
that do not stain for r-p185 (c) and whose microvessel density was similar
to that in the normal gland (d, red stained), whereas tenascin-C (e, red
stained) only lined normal striated ducts. The negative green staining in d
and e indicates the absence of r-p185! cells. a–e, x#400.
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In the mammary lesions of BALB-neuT mice, anti-r-p185 Abs
induced by the vaccine and IL-12 combination down-regulate r-
p185 on the cell membrane of mammary lesions paralleled by a
marked decrease of tumor cell proliferation and a marked recruit-
ment of reactive cells in and around the preneoplastic lesions fre-
quently surrounded by fibrotic tissue (24). In BALB-neuT/
p53172R-H mice, the inflammatory infiltrate and postinflammatory
fibrosis were scanty or absent. Only mice treated at 7–9 wk dis-
played minute areas of fibrosis, probably the outcome of prior
inflammation. In most tumor-free mice, the parotid was fully nor-
mal and free from r-p185! and PCNA! cells. The absence of
morphological indicators of inflammation or tissue necrosis indi-
cated that the proliferative blockade and/or destruction of r-p185!

cells caused by the combination must have taken place in a discrete
manner without leaving the slightest trace as soon as these cells
appeared in the ducts or acini, or were still dispersed in multiple
hyperplasia foci since their massive destruction when grouped to-
gether in a single solid tumor mass would have led to inflammation
and reparative fibrosis. These patterns are strongly suggestive of a
direct role of anti-r-p185 Ab on tumor cell proliferation and sur-
vival. The sustained presence of high titers of anti-r-p185 Ab leads
to selective removal of cells forming the neoplastic lesions and
elimination of the continuously reappearing r-p185 neoplastic
cells, as occurs in mice in which the transgene is embedded in the
genome.

While IL-12’s enhancement of the specific protective response
elicited by DNA vaccine electroporation fits in well with its pow-
erful adjuvant activity in a variety of vaccines against infectious
diseases (52–54), the curative potential of the combination appears
to be also the outcome of IL-12’s ability to hamper early carcino-
genesis by inhibiting HER-2 tumor angiogenesis (34, 55). Present

data suggest that IL-12’s antiangiogenic activity contributed to the
success of the vaccination by inhibiting the growth and progres-
sion of the hyperplasia, since the vascular network supporting such
growth was slightly more developed than that of the normal gland
and composed of small, delicate, and newly formed capillaries.
These findings are in accord with our previous finding that the
antiangiogenic activity of systemic IL-12 is very effective on those
fragile capillary sprouts, which accompany the shift from the pre-
neoplastic to the neoplastic condition. After the transition from
hyperplasia to invasive carcinoma, the lower sensitivity of mature
and differentiated blood vessels tapers off the efficacy of IL-12’s
antiangiogenic activity (12, 25, 35).

In the successfully treated mice, the complete disappearance of
hyperplasia foci was also illustrated by the absence of tenascin-C,
a hexameric extracellular matrix glycoprotein expressed during
embryonic development and re-expressed in remodeling and pro-
liferative processes, such as wound healing and tumorigenesis. In
human salivary gland tumors, tenascin-C is mostly observed in less
differentiated and more highly malignant tumors, such as solid
carcinomas. Therefore, its absence in the glands of the treated mice
suggests that both proliferation and remodeling following the de-
struction of r-p185! had been abolished.

We have previously documented that in male BALB-neuT mice
expression of the r-HER-2 oncogene product in the ducts and acini
of the parotid gland results in typical (at 4–5 wk of age) and then
atypical (from the 6th to the 18th wk) hyperplasia preceding the
development of cancers from the confluence of multiple ductal
hyperplastic foci, whereas hyperplastic acini behave as an abortive
preneoplastic lesion (13). Development of cancer was thus pre-
ceded by a long period marked by hyperplasia alone. During this
time span, the salivary gland cells overexpressing the activated

FIGURE 7. Anti r-p185 cellular and Ab response in BALB-neuT/p53172R-H mice. a, Anti-r-p185 Ab production by BALB-neuT/p53172R-H mice. Sera
collected at wk 9 from individual mice that had received two EC-TM plasmid electroporations and four systemic administrations of IL-12 were tested by
indirect immunofluorescence, followed by cytometry. Values in untreated males (Œ) and females (F) and in IL-12-treated and EC-TM plasmid electro-
porated males (‚) and females (E). Black lines show the cohort geometric mean. Isotypes of anti-r-p185 Abs (b) and anti-r-p185 CTL response (c) in
16-wk-old BALB-neuT/p53172R-H mice treated with systemic IL-12 in combination with EC-TM plasmid electroporation courses starting at wk 5. b,
Percentage of BALB/c 3T3-NKB cells stained by the isotypes of anti-r-p185 Abs. IgA and IgM were not detectable. c, Sixteen-week -old untreated mice
or mice treated with systemic IL-12 in combination with EC-TM plasmid electroporation courses starting at wk 5 were given i.v. CFSE-labeled Spc pulsed
or not with r-p18563–71 (TYVPANASL) 9mer peptide. Forty-eight hours later, single-cell suspensions from spleens processed individually were analyzed
by CyAn ADP. Histograms showing the mean ) SD of the cytotoxic activity detected in single animals in at least three animals are shown. d, Fresh Spc
from variously treated BALB/c and BALB-neuT/p53172R-H mice were pulsed for 48 h with BrdU labeling solution at 37°C in 5% CO2 with 2.5 !g/ml of
the r-p18563–71 peptide. Results are shown as BrdU uptake, detected with the cell proliferation ELISA BrdU kit (Roche Diagnostic), and measured as OD.
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r-HER-2 oncogene product probably underwent further gene
changes inducing the transformation of typical and atypical hyper-
plasia into r-p185! carcinoma. By contrast, 8-wk-old male and
female BALB-neuT/p53172R-H mice developed p185-negative
poorly differentiated and invasive parotid carcinomas that were
much more aggressive and less differentiated than the acinar cell
carcinomas previously observed in older male BALB-neuT mice.
Morphological examination showed that development of their hy-
perplastic and preneoplastic lesions occurred from the fourth to the
seventh week. This model with its identification of the seventh to
the eighth week as the time of transition to a r-p185-expression-
independent poorly differentiated cancer illustrates both the poten-
tial and the limits of vaccination and permits a direct assessment of
the potential of a timely vaccine.

Greater and long-lasting protection can still be conferred against
even highly genetically unstable tumors provided vaccination be-
gins before genetic instability becomes coupled with an intense
tumor cell proliferation that permits the expansion of r-p185-neg-
ative escaping clones. Tumor cells in the preneoplastic lesions of
BALB-neuT/p53172R-H mice are potentially very unstable from the
beginning. However, in the absence of a significant proliferation,
these cells do not give rise to a significant population of escaping
cells, and the vaccine provides a major protection. Fewer mice are
protected, and less efficient induction of immunity and a lower
efficacy of effector mechanisms are evident if vaccination begins
when advanced multifocal lesions are present.

In conclusion, these results provide a direct endorsement of the
notion that vaccines may provide a sustained inhibition of precan-
cerous lesions even if they fail to control invasive cancer (56, 57).
Therefore, the message for human disease is neither to refrain from
vaccinating patients with Li-Fraumeni syndrome, nor that due to
tumor intrinsic genetic instability there is little point in vaccinating
against a disappearing Ag. Instead, present data suggest that a
vaccine may be able to convey a significant and long-lasting pro-
tection against indolent precancerous lesions, even when a mutated
p53 enables the early development of a population of Ag-negative
potentially aggressive tumor cells. The next key questions to be
addressed concern the possibility of extending the efficacy of vac-
cination to cope with more advanced neoplastic stages. Vaccina-
tion against multiple target Ags expressed by preneoplastic lesions
(58) may perhaps reduce the likelihood of an escape from immune
attack. However, while recent data on cancer progression have
shifted the onset of genetic instability to the early phases of the
natural history of tumors, the accumulation of genetic “hits” lead-
ing to cancer progression is a function of time (59). The low pro-
liferation rate of indolent preneoplastic lesions cuts down the like-
lihood of selection of immune-resistant clones, whereas the
vaccine-alerted immune response may inhibit the lesion before
complete neoplastic transformation takes place. Because preven-
tive vaccines operate during the early phases of carcinogenesis,
effective inhibition of r-p185! cells arrests the whole process and
renders the selection of r-p185-loss variants unlikely (60). Trans-
lation of these preclinical observations into a novel preventive
treatment in cancer is a far-distant prospect. Even so, our results
provide a preclinical picture of ability of vaccines to hampering
early stages of carcinogenesis.
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