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ABSTRACT Vaccines harboring genes that encode func-
tional oncoproteins are intrinsically hazardous, as their ap-
plication may lead to introduction of these genes into normal
cells and thereby to tumorigenesis. On the other hand, onco-
proteins are especially attractive targets for immunotherapy
of cancer, as their expression is generally required for tumor
growth, making the arisal of tumor variants lacking these
antigens unlikely. Using murine tumor models, we investi-
gated the efficacy of polyepitope recombinant adenovirus
(rAd) vaccines, which encode only the immunogenic T cell
epitopes derived from several oncogenes, for the induction of
protective anti-tumor immunity. We chose to employ rAd, as
these are safe vectors that do not induce the side effects
associated with, for example, vaccinia virus vaccines. A single
polyepitope rAd was shown to give rise to presentation of both
H-2 and human leukocyte antigen-restricted cytotoxic T lym-
phocyte (CTL) epitopes. Moreover, vaccination with a rAd
encoding H-2-restricted CTL epitopes, derived from human
adenovirus type 5 early region 1 and human papilloma virus
type 16-induced tumors, elicited strong tumor-reactive CTL
and protected the vaccinated animals against an otherwise
lethal challenge with either of these tumors. The protection
induced was superior compared with that obtained by vacci-
nation with irradiated tumor cells. Thus, vaccination with
polyepitope rAd is a powerful approach for the induction of
protective anti-tumor immunity that allows simultaneous
immunization against multiple tumor-associated T cell
epitopes, restricted by various major histocompatibility com-
plex haplotypes.

Cytotoxic T lymphocyte (CTL)-mediated immunity plays an
important role in the host defense against many tumors.
However, natural CTL immunity against tumors often falls
short in preventing the development of malignancies. There-
fore, activation of the tumor-directed CTL response by vacci-
nation constitutes a promising approach for the prevention and
treatment of malignancies.

Induction of an effective CTL-mediated anti-tumor re-
sponse against the relevant tumor-associated antigens can be
achieved in various ways, including immunization with whole
proteins, peptides, DNA encoding the tumor-associated anti-
gen of choice, (genetically engineered) irradiated tumor cells,
or attenuated organisms, like recombinant bacteria or viruses,
expressing the tumor-associated antigens of choice (1-7).
However, these vaccination approaches might not always result
in the desired effect. For instance, vaccine approaches that
deliver entire proteins may direct the immune response against
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an immunodominant T cell epitope only and not against other
subdominant T cell epitopes. Alternatively, such vaccines may
direct the immune response primarily against epitopes that are
subjected to antigenic variation (8-11). Induction of T cell
immunity against preselected T cell epitopes through peptide
vaccination has in certain cases been shown to induce protec-
tive anti-tumor immunity (2, 12), but it can also lead to specific
CTL tolerance induction and, thereby, to enhanced tumor
outgrowth (13, 14). In the latter instances, protective CTL-
mediated immunity was induced when an adenovirus vector
encoding the entire tumor antigen was used for vaccination.

Together, these observations prompted us to design a vac-
cine that would deliver the T cell epitopes via a mode ensuring
the induction of protective immunity and that is rationally
designed, in the sense that only minimal essential epitopes
derived from one or more tumor-associated antigens expressed
by the same tumor are incorporated. The approach of using the
sequences encoding immunogenic T cell epitopes derived from
(onco)proteins, rather than the entire proteins, has the addi-
tional advantage of avoiding the potential hazards of immu-
nizing with agents carrying genes that are, or may be, involved
in transformation. For example, recombinant vaccines for
cervical carcinoma are intrinsically hazardous if such vaccines
contain the functional human papilloma virus type 16
(HPV16) early region 6 (E6) and E7 oncogenes (15, 16). The
same holds true for vaccines encoding other proteins that are
implicated in the development of malignancies, such as HER2/
neu, the aberrant fusion protein BCR-ABL, or mutated Ras
and p53 proteins. Likewise, the use of vectors encoding
tumor-specific antigens of which the function has not yet been
elucidated, such as the MAGE genes, has a potential risk, as
the consequences of (over)expression of such genes are un-
known. Through application of recombinant vectors encoding
string-of-beads arrangements of oncogene-derived T cell
epitopes, as opposed to vectors harboring intact oncogenes,
the introduction of functional oncogenes into the patient is
avoided.

Recently, recombinant vaccinia viruses expressing several
virus-derived CTL epitopes in a string-of-beads fashion have
been successfully used to immunize mice (17, 18). These
studies show the potency of the use of string-of-beads vaccines
for the induction of antiviral immunity. However, the potential
risks associated with vaccinia virus, such as encephalopathy
and postvaccinal encephalitis, as well as the decreasing or
absent (in younger individuals) immunity to poxvirus, prohibit
the large scale application of recombinant vaccinia vaccines in
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humans (19). High postvaccination complication rates are
reported, particularly in older (those aged >4 years) primary
vaccinees (20). Therefore, we studied the potential of a
recombinant adenovirus vector (rAd) encoding several CTL
epitopes in a string-of-beads fashion. Attractive features of
adenovirus-based vaccines are their well-characterized genetic
arrangement and function, as well as their extensive and safe
usage in North American army recruits without inducing
adverse side effects (21-23). The safety of the currently used
rAd is even increased by the fact that these vectors, due to
deletion of the E1 region, are largely replication defective.

Recently, promising results have been obtained by us and
others using rAd encoding intact tumor-associated antigens as
vaccines for the induction of protective anti-tumor immunity
(13, 14, 24, 25). We now demonstrate that a rationally designed
rAd vaccine, encoding a string-of-beads arrangement of sev-
eral CTL epitopes derived from the human adenovirus type 5
early region 1A (Ad5SE1A), E1B and HPV16 E7 oncoproteins,
is a highly effective tool for the induction of protective T
cell-mediated anti-tumor immunity.

MATERIALS AND METHODS

Cell Lines. All cell lines were maintained in Iscove’s mod-
ified Dulbecco’s medium (IMDM) (Seromed, Berlin) supple-
mented with 4% fetal calf serum (HyClone), penicillin (110
international units/ml; Brocades Pharma, Leiderdorp, The
Netherlands), and 2-mercaptoethanol (20 uM) at 37°Cina 5%
CO;, atmosphere. CTL clones were cultured as described
elsewhere (26-29).

Generation of rAd. The adenoviral vector construction
adapter plasmid pMadS was derived from plasmid pMLP10
(30) as follows. pMLP10-lin was constructed by insertion of a
synthetic DNA fragment with unique sites for the restriction
endonucleases Mlul, Spll, SnaBI, Spel, Asull, and Munl into
the HindIII site of pMLP10. Subsequently, the adenovirus
BglII fragment spanning nucleotides 3328—-8914 of the AdS
genome was inserted into the MunlI site of pMLP-lin. Finally,
the Sal/l-BamHI fragment was deleted to inactivate the tetra-
cycline resistance gene, resulting in plasmid pMad5. A mini-
gene cassette vector, pMad5-0, was generated by ligation of the
annealed and phosphorylated double-stranded oligonucleo-
tides 1a/b and 2a/b (see Table 1) into the Mlul and Spel sites
of pMad5. This cloning step leads to elimination of the original
Mlul and Spel sites and to creation of a small ORF, which
essentially consists of a start codon, the sequence SEQKLI-
SEEDLNN, a human c-Myc-derived sequence, which is rec-
ognized by mAb 9E10 (31) and a stop codon. A small “stuffer”
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Recombinant adenoviruses carrying 'string bead' minigenes

Ad MLP

rAd-1 | MNAAASGPSNTPPEIAAARAHYNIVTFAAAIYKKSQHMAAAVNIANCCYIAAASEQKLISEEDLNN
AdSE1A HPV16 E7 wt-ps3 AdSE1B hu-c-Myc
H-2D® H-2D0 H-2K> H-2D> MAb 9E10
AdMLP
rAd-2 | MNAAATLGIVCPIAAAGILGFVFTLAAAYMDLQPETTAAAYNIRNCCYIAAASEQKLISEEDLNN
HPVIGE7  Flu-matrix HPV16 E7 AdSEB hu-c-Mye
HLA-A0201 HLA-A'0201  HLA-A"0201 H-2D° Mab 9E10

Fic. 1. Minigenes encoding several CTL epitopes, linked by a
spacer of three alanines. The first minigene (rAd-1) encodes the
H-2DP-restricted peptide E1A234-243 (26), the H-2DP-restricted pep-
tide HPV16E749-7 (2), the H-2KV-restricted peptide p53138-166 (49),
the H-2DP-restricted peptide E1B192-200 (27), and a Myc tag (31). The
second minigene (rAd-2) encodes the HLA-A*0201-restricted CTL
epitope HPV16 E780-93 (37), the HLA-A*0201-restricted peptide
Flu-matrix>8-% (48), the HLA-A*0201-restricted peptide HPV16
E711-20 (37), the H-2DV-restricted peptide E1B192-200 (27), and a Myc
tag (31). Both minigenes are place behind the AdS major late promoter
(Ad-LMP), which in this configuration is linked to the Ad5 immediate
early enhancer, resulting in immediate early expression of the mini-
genes.

sequence, flanked by newly generated Mlul and Spel sites, is
present between the start codon and the c-Myc sequence.
pMad5-1 and -2, each of which harbor a multi-epitope-
encoding minigene, were constructed by unidirectional clon-
ing of the following double-stranded oligonucleotides into
pMad5-0, which had been cleaved with Mlul and Spel.
pMad5-1: numbers 5a/b, 6a/b, 7a/b, 4a/b; pMad5-2: numbers
3a/b, 8a/b, 9a/b, 4a/b (see Table 1). After each cloning step,
the sequence of the inserts was verified by DNA sequencing.
The recombinant proteins that are encoded by the resulting
minigenes are depicted in Fig. 1. Expression of these minigenes
is driven by the Ad5 major late promoter, which in this
configuration is linked to the Ad5 immediate early enhancer,
resulting in immediate early expression of the minigenes.
rAds were generated through in vivo homologous recombi-
nation in the Ad5El-transformed helper cell line 911 (29)
between plasmid pJM17 (32), containing the sequence of the
Ad5 mutant dI309, and either of the plasmids pMad5-1 or
pMad5-2. 911 cells were transfected with 10 ug of plasmid
pJM17 in combination with 10 ug of either pMad5-1 or
pMad5-2. The rAds were plaque-purified three times, after
which the clonal rAds were propagated in 911 cells, purified by
double cesium chloride density gradient centrifugation, and
extensively dialyzed. The presence of replication-competent
adenoviruses was routinely checked by infection of Hep-G2
cells. The viral stocks were stored in aliquots with 10% glycerol

Table 1. Oligonucleoties used for the generation of rAdV

la CGCGAATTATGAACGCGTC
1b GTACGACGCGTTCATAATT

2a GTACGCTACTAGTGAACAGAAGCTGATATCAGAGGAAGACCTAAACTGAT
2b CTAGATCAGTTTAGGTCTTCCTCTGATATCAGCTTCTGTTCACTAGTAGC
3a CGCGGCAGCTTCCGGTCCTTCTAACACACCTCCTGAGATAGCAGCC

3b GCTATCTCAGGAGGTGTGTTAGAAGGACCGGAAGCTGC

4a CTGTAAATATCAGGAATTGTTGCTACATTGCAGCTG

4b CTAGCAGCTGCAATGTAGCAACAATTCCTGATATTTACAGCTGC

5a CGCGGCAGCTACACTAGGAATTGTGTGCCCCATCGCAGCC

5b GCGATGGGGCACACAATTCCTAGTGTAGCTGC

6a GCTAGAGCCCATTACAATATTGTAACCTTTGCTGCG

6b GCAAAGGTTACAATATTGTAATGGGCTCTAGCGGCT

7a GCTGCCATCTACAAGAAGTCACAGCACATGGCTGCAG

7b ACGCCGACGGTAGATGTTCTTCAGTGTCGTGTACCGA

8a GCTGGAATCCTAGGTTTCGTCTTTACGCTAGCTGCG

8b GCTAGAGTAAAGACGAAACCTAGGATTCCAGCGGCT

9a GCTTATATGTTAGATTTGCAACCAGAGACAACTGCTGCAG

9 AGCAGTTGTCTCTGGTTGCAAATCTAACATATAAGCCGCA
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at —80°C and titered by plaque assay using 911 cells as
described in ref. 29.

Transfection of COS-7 Cells. Transient transfection in
COS-7 cells was performed as described elsewhere (33). In
short, 100 ng of plasmids encoding Ad5E1, HPV16 E7, murine
p53, or the influenza-matrix protein together with 100 ng of a
plasmid encoding H-2DP, H-2K®, or HLA-A*0201 was trans-
fected into 1 X 10* COS-7 cells. The transfected COS cells
were incubated in 100 ul of IMDM containing 8% fetal calf
serum for 48 h at 37°C, after which 1500-5000 CTL in 25 ul
of IMDM containing 50 Cetus units (= 300 international
units) of recombinant interleukin-2 (Cetus) were added. After
24 h, the supernatant was collected, and its tumor necrosis
factor (TNF) content was determined by measuring its cyto-
toxic effect on WEHI-164 clone 13 cells as previously de-
scribed (33).

Infection of Mouse Embryo Cells (MEC) with rAd.
C57BL/6 (B6) MEC or HLA-A2-positive SAOS cells (human
osteosarcoma cells) were infected with rAd diluted in 1 ml of
IMDM containing 0.5% BSA. After 30 min at room temper-
ature, 1 ml of IMDM containing 10% fetal calf serum was
added. The multiplicity of infection (moi; B6 MEC, 50; SAQOS,
10) was chosen to give at least 80% infected cells. The desired
moi was determined by infecting these cells with Ad.RSVB-
Gal, a rAd carrying the Escherichia coli lacZ gene under
control of the promotor from the Rous sarcoma virus long
terminal repeat, followed by 5-bromo-4-chloro-3-indolyl B-D-
galactoside staining 48 hr later.

Generation of CTL Bulk Cultures. Spleen cells, 5 X 10° per
well, derived from B6 mice taken 2 weeks or more after
intraperitoneal immunization with 1 X 108 plaque-forming
units of rAd or the replication-defective adenovirus type 5
mutant AdS5ts 149, were cocultured for 6 days with 10%
irradiated (25 Gy) interferon-y (10 units/ml)-treated stimu-
lator cells in 24-well plates. Effector cells were used in a
cell-mediated lymphocyte cytotoxicity assay as previously de-
scribed (27).

Peptides. Peptides were generated by solid phase strategies
on a multiple peptide synthesizer (Abimed AMS 422; Langen-
feld, Germany) as described previously (34).

Tumor Cell Challenge. B6 mice were immunized intraperi-
toneally with 1 X 108 plaque-forming units of rAd or the Ad5
mutant Ad5zs149 in 0.25 ml of PBS/BSA. Two weeks later, the
mice were subcutaneously challenged with 0.4 X 10° AdSE1A
+ Ras cells or 0.5 X 10 HPVC3 cells in 0.25 ml of PBS. Tumor
volumes were measured with a caliper. Animals were sacrificed
when their tumors grew larger than 1,000 mm?® to avoid
unnecessary suffering.

RESULTS

The CTL Epitopes Encoded by the Constructed rAd Are
Processed and Presented to Tumor-Specific CTL. Vaccination
with recombinant viruses encoding functional oncoproteins is
intrinsically hazardous because it can lead to introduction of
oncogenes into somatic cells and, thereby, to the development
of tumor cells at the site of injection. To circumvent this
problem, we constructed rAd that carried synthetic minigenes
encoding a string-of-beads arrangement of minimal CTL
epitopes derived from several of such oncogenes. First, mini-
genes were assembled in shuttle vector pMad5. Minigene 1 was
designed to encode four H-2-restricted CTL epitopes that were
presented by different murine tumors of B6 origin (Fig. 1),
whereas minigene 2 was designed to encode the H-2DP-
restricted E1B12-2% peptide (as positive control) and three
HLA-A*0201-binding peptides (Fig. 1). A crucial aspect of the
design of these string-of-beads minigenes is to permit proper
processing of the recombinant proteins into the different
immunogenic peptides. As antigenic sequences flanked by
multiple alanines were shown previously to become efficiently
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processed relatively independent of the protein context (35),
we chose to separate the CTL epitopes from each other by a
spacer of three alanines.

To test whether the constructed minigenes are able to
generate the CTL epitopes concerned, they were transfected
into COS-7 cells together with plasmids encoding the relevant
major histocompatibility complex (MHC) class I restriction
elements. The transfected COS-7 cells were used in a TNF
production assay as stimulator cells for different CTL clones
recognizing the epitopes present in the minigenes. These
experiments showed that all four epitopes encoded by mini-
gene 1, and at least two of the four CTL epitopes, for which
specific CTL clones were available (E1B!2-290 and Flu>8-96),
encoded by minigene 2 were properly processed and presented
to tumor-specific CTL (data not shown).

Subsequently, the minigenes were used to generate replica-
tion-defective rAd. H-2P-positive B6 MEC or HLA-A*0201-
positive SAOS cells infected with these rAd were used as
stimulator cells in a TNF production assay to analyze whether the
rAd-infected cells were able to specifically activate the tumor- and
virus-reactive CTL clones. Upon infection with rAd carrying
minigene 1 (rAd-1), peptides E1AZ3-24 E1B!92-200 and HPV16
E7%-7 were presented by the infected cells, as the corresponding
CTL were activated when incubated with B6 MEC infected with
this virus but not when incubated with B6 MEC infected with a
control rAd (Fig. 2). By infection of MEC derived from p53
knockout mice, we were able to show that also peptide p53'38-166
was efficiently processed and presented to pS3-specific CTL (data
not shown). Likewise, the rAd encoding minigene 2 (rAd-2) was
able to deliver peptides E1B92-20 and Flu®®-%°, to the surface of
the infected cells in the context of H-2D" (Fig. 2) and HLA-
A*0201 (Fig. 3), respectively. Processing and presentation of the
HPV16 E7-derived HLA-A*0201-restricted CTL epitopes incor-
porated in rAd-2 could not be tested, because no CTL clones
specific for these peptides are currently available. In conclusion,
rAd-1 and rAd-2 are capable of delivering all preselected H-2°-
restricted CTL epitopes to tumor-specific CTL, as well as the
HLA-A*0201-restricted peptide Flu>$-%,

Vaccination of B6 Mice with rAd Induces Tumor-Reactive
CTL Activity. Because we found rAd-1 and rAd-2 to deliver all
H-2Y-restricted CTL epitopes, we analyzed whether vaccina-
tion with these viruses would induce CTL activity against the
epitopes concerned. Indeed, bulk T cell cultures derived from
B6 mice immunized with rAd-1 showed high CTL activity

100

Effectors:

@ AdSE1A-specific CTL.
HPV16 E7-specific CTL
O AdSE1B-specific CTL

% Specific WEHI-cell death

7

rAd-1 rAd-2 rAd-LAC-Z

Fic. 2. CTL epitopes encoded by rAd were processed and presented
to tumor-specific CTL. B6 MEC were left uninfected or were infected
with rAd-1 harboring minigene 1, rAd-2, harboring minigene 2, or the
galactosidase gene (rAdV-LAC-Z). After 48 hr, the infected MEC were
tested for the expression of the CTL epitopes in their ability to cause TNF
release by the relevant CTL. The presence of TNF in the culture
supernatant was measured by the cytotoxic effect on WEHI-164 clone 13
cells. B6 MEC, infected with rAd-1 harboring E1A?3-24- HPV16
E749-57- and E1B!92-200derived H-2DP-restricted CTL epitopes, are able
to activate CTL clones specific for these CTL epitopes whereas B6 MEC
infected with rAd-2 harboring the E1B'9%2200 epitope only activate
Ad5EI1B-specific CTL. The CTL are not activated upon incubation with
uninfected MEC or MEC infected with a control rAd.
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601
Effectors:
J |-

Flu-specific clone

% Specific WEHI-cell death

rAd-1 rAd-2 rAdV-LAC-Z

F1G6.3. The Flu-derived epitope encoded by rAd-2 is processed and
presented to Flu-specific CTL. HLA-A*0201-positive SAOS cells were
infected with rAd and used as stimulator cells in a TNF release assay.
SAOS cells infected with rAd-2, but not with rAd-1 or rAd-LAC-Z,
activate the Flu-specific CTL clone Q66.9, indicating that the Flu-
derived CTL epitope is processed and presented.

against target cells loaded with the peptides E1A234-243
E1B192200 and HPV16 E74°57 (Figs. 4 and 5). Importantly,
the resulting CTL also displayed strong anti-tumor reactivity,
in that tumor cells presenting the relevant CTL epitopes as
endogenously processed antigen were efficiently lysed. We
were not able to show p53-specific CTL reactivity under the
experimental conditions used (data not shown), possibly as a
result of tolerance to this self-peptide. Vaccination of B6 mice
with rAd-2 induced CTL activity only against E1B!>200 and
not against the E1AZ34-243 or HPV16 E74-57 epitopes (Fig. 5),
demonstrating that immunization with rAd specifically induces
CTL reactivity against the epitopes encoded by the respective
minigenes. From these data, we conclude that vaccination with
polyepitope rAd, which encode a recombinant polypeptide
comprising several CTL epitopes in a string-of-beads fashion,
induces strong tumor-specific CTL responses against the pre-
selected epitopes.

Induction of Protective Anti-Tumor Immunity by Vaccina-
tion with rAd. As immunization of B6 mice with rAd-1 induces
both E1A- and HPV16 E7-specific CTL-mediated immunity,
we studied whether this rAd-induced immunity would protect
mice against a lethal challenge with tumor cells expressing the

In vivo: non-immunized In vivo: rAd-1 In vivo: rAd-2
In vitro: Ad5E1 MEC In vitro: Ad5E1 MEC In vitro: AdSE1 MEC
509 50 50
—1O— MEC + Sendal-peptids
404 40 40
—— MEC » AdSE1A-peptide
°
%
2 3p4 —A— MEC+ AdSE1B-peptide 30 30
K]
E ——O0— MEC + HPV16 ET-peptide
& 2 201 20
® —@—  AdSE1MEC
10 m-ﬁ 104 3
0 % 0 T T 3 [ T J

[ 10 20 30 0 10 20 30 0 10 20 30
E/T E/T E/T

F1G. 4. Vaccination with rAd leads to induction of tumor-reactive
CTL activity against the El-derived CTL epitopes. B6 mice were left
nonimmunized, were immunized with rAd-1, harboring minigene 1, or
were immunized with rAd-2, harboring minigene 2. Two weeks later,
spleen cells of these animals were taken and restimulated with
Ad5SE1-transformed tumor cells to propagate E1A- and E1B-specific
CTL. Lytic activity of bulk CTL cultures was tested 6 days later on
Ad5E1 MEC, untransformed B6 MEC loaded with the Sendai-virus
encoded control CTL epitope FAPGNYPAL, the E1A-encoded CTL
epitope, the E1B-encoded CTL epitope, or the HPV16 E7-encoded
CTL epitope. Mice immunized with rAd-1 recognize the E1A- and
El1B-encoded CTL epitopes as well as tumor cells endogenously
presenting these epitopes. Mice immunized with rAd-2 recognize the
E1B epitope as well as tumor cells endogenously presenting this CTL
epitope, whereas nonimmunized mice do not display reactivity against
the target cells. Percent specific lysis at different effector to target cell
ratios is shown.
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In vivo: rAd-1
In vitro; HPV16 MEC

In vivo: non-immunized
In vitro: HPV16 MEC

In vive: rAd-2

In vitro: HPV16 MEC
—O— MEC + Sendai-peplide
454 —&— MEGC+ AdSE1A-poptide
—-— MEC + AdSE1B-peptide
—O— MEC.+HPV16 E7-peptide

—®— HPVISMEC

o P e
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E/T E/T E/T

% Spacific lysie
»
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F1G. 5. Vaccination with rAd leads to the induction of tumor-
reactive CTL activity directed against the HPV16 E7, H-2DV-restricted
CTL epitope. B6 mice were left nonimmunized, were immunized with
rAd-1, harboring minigene 1, or were immunized with rAd-2, harbor-
ing minigene 2. Two weeks later, spleen cells of these animals were
taken and restimulated with HPV16-transformed tumor cells to prop-
agate H-2DP-restricted, HPV16 E7-specific CTL. Lytic activity of bulk
CTL cultures was tested 6 days later on HPV16 MEC, untransformed
B6 MEC loaded with the Sendai-virus encoded control CTL epitope
FAPGNYPAL, the ElA-encoded CTL epitope, the EIB-encoded
CTL epitope, or the HPV16 E7-encoded CTL epitope. Mice immu-
nized with rAd-1 recognize the HPV16 E7-encoded CTL epitope as
well as tumor cells endogenously presenting the HPV16 E7 epitope.
Nonimmunized mice and mice immunized with rAd-2 do not display
reactivity against HPV16 E7 peptide positive target cells. Percent
specific lysis at different effector to target cell ratios is shown.

relevant oncogenes. rAd-immunized mice were challenged
with either AdSEIA + ElJras- (13) or HPV16 + ElJras-
transformed (2) tumor cells. Indeed, mice immunized with
rAd-1, in contrast to mice immunized with rAd-2 (not har-
boring the E1A epitope) or PBS/BSA, were protected against
the outgrowth of AdSE1A + Ras tumor cells (Fig. 6). More-
over, the protection induced by vaccination with rAd-1 was
more pronounced than that obtained by vaccination with
irradiated tumor cells, showing that vaccination with rAd is
superior compared with vaccination with irradiated tumor
cells. Mice immunized subcutaneously or intramuscularly are
as equally well protected as mice immunized intraperitoneally
(Fig. 7), demonstrating that rAd function as effective anti-
tumor vaccines when administered via different routes.
rAd-1-immunized mice were protected not only against
AdSE1A + Ras tumors but also against an otherwise lethal
challenge with HPV16 + Ras-transformed tumor cells (Table
2). Thus, vaccination with polyepitope rAd constitutes a
powerful method to induce protective anti-tumor immunity

100 —&— AdSE1A + ras MEC
—&— PBS/BSA
—— rAd-1

E hd d —O0— rAd2
Ad5 ts149

755

50 7

% Survival

25

15 25 35 45 55
Days

FiG. 6. Vaccination with rAd-1 induces protective immunity
against a lethal challenge with AdSE1A-expressing tumor cells. B6
mice were immunized intraperitoneally with rAd-1 (n = 7), rAd-2 (n =
8), or the Ad5 mutant (AdSE1A-positive) Ad5ts149 (n = 7) or were
injected with PBS/BSA (n = 8) only. Two weeks later, the mice
received a subcutaneous challenge of 0.4 X 10° AASE1A + Ras cells.
Mice immunized with rAd-1 and Ad5ts149 were protected against the
outgrowth of AASE1A + ElJras cells, showing that immunization with
rAd induces protective immunity against tumors.
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100 T &

75 4 b—o0—

—0— PBS/BSA
—x— rAd-l,im.
—0— rAd-l,s.c
257 —w— rAdl,ip.
—k— tAd2,ip.

% Survival

—

Days

15 30 45

Fic. 7. Different routes of vaccination with rAd induce protective
anti-tumor immunity. B6 mice were immunized intraperitoneally (i.p.)
(n = 8), intramuscularly (i.m.) (n = 8), or subcutaneously (s.c.) (n =
8) with rAd-1, immunized with PBS/BSA (n = 8), or immunized i.p.
with rAd-2 (n = 8). Two weeks later, the mice received a subcutaneous
challenge of 0.4 X 10° AdSE1A + Ras cells. Mice immunized
intraperitoneally, intramuscularly, or subcutaneously with rAd-1 are
protected against AASE1A + Elras cells.

directed against multiple selected CTL epitopes derived from
different oncogene products.

DISCUSSION

A single vaccination with rAd encoding multiple CTL
epitopes, derived from different oncoproteins and arranged in
a string-of-beads fashion, can elicit CTL responses against
these epitopes. The resulting CTL are capable of lysing tumor
cells presenting these peptides. The ability to induce CTL
responses against oncoprotein-derived peptides by immuniza-
tion with such polyepitope rAd offers a clear advantage over
immunization strategies in which vectors carrying functional
oncogenes are used, in that it largely eliminates the risk of
transformation of recombinant vector-infected cells. More-
over, CTL activity can be induced against multiple (onco)gene
products expressed by the same tumor cell, as illustrated by the
induction of both E1A- and E1B-specific immunity after
immunization with rAd-1. The similar approach can be taken
for cervical carcinoma. In the majority of cervical carcinomas,
both the HPV-encoded oncoproteins E6 and E7 are consti-
tutively expressed because they are required for maintenance
of the transformed state (15, 16). By introducing into rAd the
HPV16 E6 and E7-derived CTL epitopes that bind to HLA-
Al, A2, A3, All, and A24 (36, 37), a powerful and versatile
polyepitope vaccine against HPV16-induced cervical carci-
noma may be created. As this vaccine would induce CTL

Table 2. Vaccination with rAd-1 induces protective immunity
against HPV16-transformed tumors

Treatment Tumor-take*
Exp. 1
None 8/10
rAd-1 2/10
Ad5ts149 6/10
Exp. 2
None 10/11
rAd-1 3/10
Ad5ts149 10/10

B6 mice were left untreated or were immunized intraperitoneally
with 1 X 108 plaque-forming units of rAd-1 or Ad5ts 149 as control.
Two weeks later, the mice received a subcutaneous challenge of 0.5 X
106 HPV16-transformed tumor cells (2). (8/10 vs. 2/10, P < 0.05;
10/11 vs. 3/10, P < 0.01; Tukey—Kramer multiple comparisons test.)
*Tumor-take is depicted at 3 weeks after tumor cell challenge as

tumor-bearing animals/number of mice.

Proc. Natl. Acad. Sci. USA 94 (1997)

immunity against multiple epitopes derived from two proteins
required by the tumor for malignant growth, the risk of
tumor-immune escape by antigen loss or antigen mutation is
relatively small. Furthermore, based on the occurrence of the
different HLA-A alleles in the caucasian population, this
vaccine could be applied to the majority (>90%) of people in
this population.

Many of the CTL epitope-specific vaccines directed against
oncogenic proteins, which have been tested in previous studies,
were based on synthetic peptides. Although in many cases
peptide-based anti-tumor vaccination strategies were success-
ful (2, 12), in other cases such vaccines were shown to induce
CTL unresponsiveness, leading to enhanced tumor outgrowth
(13, 14). The latter was shown by immunization with synthetic
peptides representing the CTL epitopes E1A234-243 or E1B!92-
200, the same peptides that are incorporated in our rAd
vaccines. Vaccination with these peptides induced a functional
deletion of E1A- and E1B-specific CTL, respectively, and led
to enhanced outgrowth of AdSE1(A)-transformed tumor cells.
We now show that these CTL epitopes, when delivered by rAd,
induce protective anti-tumor immunity, demonstrating the
advantage of rAd over synthetic peptides for use in epitope-
specific vaccination.

Two of the four CTL epitopes present in rAd-1, E1A?34-243
and HPV16 E74~, induce only suboptimal CTL responses
when irradiated tumor cell are used for vaccination (5, 14, 28).
The CTL response induced by immunization with HPV16-
induced tumor cells is predominantly directed against a hith-
erto unidentified CTL epitope (28), whereas immunization
with Ad5El-transformed tumor cells, expressing both the
E1A- and E1B-encoded CTL epitopes, is primarily directed
against peptide E1B19229 (5, 14). The “subdominant” nature
of the E1A epitope, when present in a tumor cell vaccine, is
also reflected by the fact that vaccination with irradiated
Ad5SE1A-expressing tumor cells induces only a marginal pro-
tection against a challenge with AdSEIA + Ras cells. In
contrast, vaccination with rAd-1 elicits strong “co-dominant”
CTL responses directed against all three CTL epitopes.

For optimal CTL induction by vaccines that encode several
CTL epitopes in a string-of-beads fashion, it is obligatory that
all CTL epitopes are properly processed and presented in the
context of MHC class I glycoproteins. In the MHC class 1
pathway of antigen presentation, cellular proteins are de-
graded in the cytosol, resulting in peptides that are transported
by TAP into the endoplasmatic reticulum (ER). Here, they
assemble with the MHC class I heavy chain and f3-
microglobulin to the trimolecular MHC complex (38). Con-
sequently, the efficiency by which proteolytic degradation in
the cytosol and transportation of the resulting peptides into the
ER takes place is a key factor in determining whether a given
peptide is presented in the context of MHC class I molecules.
Indeed, B6 MEC derived from transporter associated with
antigen processing (TAP)—/— mice, when infected with rAd-1
or rAd-2, were not able to stimulate the E1A-, HPV16 E7-,
p53-, or E1B-specific CTL (data not shown), indicating that
TAP-mediated transport of the rAd-encoded CTL epitopes
into the ER is mandatory. One of the major proteolytic systems
responsible for degradation of cytosolic proteins is the pro-
teasome complex (39). It has been shown that the cleavage
preference of the proteasome can define the antigenic poten-
tial of a protein (40) or even result in a lack of antigen
presentation of CTL epitopes (41). Our data indicate that in
polyepitope rAd-infected cells, the generation and subsequent
transportation of the CTL epitopes was efficient, ensuring
CTL activation in vitro and in vivo. Nonetheless, flanking the
CTL epitopes with proteasomal cleavage sequences other than
the triple alanine used in our minigene constructs might
further improve the ability of polyepitope rAd to elicit immune
responses (42).
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The ability to produce large quantities of purified virus with
relative ease makes rAd very attractive for clinical use. Most
importantly, rAd can be safely applied to human beings
because they rarely integrate into the host genome and there-
fore have little chance to activate a dormant oncogene or
disable a tumor suppressor gene (43). Adenoviruses are ex-
tensively and safely used in vaccination of North American
army recruits without causing side effects (21, 22). Further-
more, the use of rAd vectors from which the El region is
deleted minimizes the risk of propagation of the virus, as
replication of such viruses under physiological conditions is
severely compromised. Recently, rAd have been applied both
in nonhuman primates and in phase I clinical trials for the
correction of the genetic deficiency underlying cystic fibroses
without inducing any severe side effects or toxicity (44-47).
Using well defined murine tumor models, we now demonstrate
that polyepitope rAd constitute powerful vaccines that can be
employed for the induction of strong tumor-protective CTL-
mediated immunity directed against different transforming
oncogene products. Tumor protection was not only induced by
intraperitoneal injection of rAd but also after vaccination
routes that are easy to carry out in patients (subcutaneous and
intramuscular). Polyepitope rAd, therefore, have significant
potential for use as vaccines in the immunotherapy of cancer,
as well as in infectious diseases such as AIDS, which requires
multiple T cell responses to be activated and boosted.
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93-588, 95-1089, and 97-1450) and The Netherlands Organization for
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