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Using vaccinia virus as a live vector, we show that the expression of human papillomavirus type 16 (HPV-16)
E7 fused to a nonhemolytic portion of the Listeria monocytogenes virulence factor, listeriolysin O (LLO), induces
an immune response that causes the regression of established HPV-16 immortalized tumors in C57BL/6 mice.
The vaccinia virus construct expressing LLO fused to E7 (VacLLOE7) was compared with two previously de-
scribed vaccinia virus constructs: one that expresses unmodified E7 (VacE7) and another that expresses E7 in
a form designed to direct it to intracellular lysosomal compartments and improve major histocompatibility
complex class II-restricted responses (VacSigE7LAMP-1). C57BL/6 mice bearing established HPV-16 immor-
talized tumors of 5 or 8§ mm were treated with each of these vaccines. Fifty percent of the mice treated with
VacLLOE7 remained tumor free 2 months after tumor inoculation, whereas 12 to 25% of the mice were tumor
free after treatment with VacSigE7LAMP-1 (depending on the size of the tumor). No mice were tumor free in
the group given VacE7. Compared to VacE7, VacSigE7LAMP-1 and VacLLOE?7 resulted in increased numbers
of H2-D"-specific tetramer-positive CD8* T cells in mouse spleens that produced gamma interferon and tumor
necrosis factor alpha upon stimulation with RAHYNIVTF peptide. In addition, the highest frequency of
tetramer-positive T cells was seen in the tumor sites of mice treated with VacLLOE7. An increased efficiency
of E7-specific lysis by splenocytes from mice immunized with VacLLOE7 was also observed. These results
indicate that the fusion of E7 with LLO not only enhances antitumor therapy by improving the tumoricidal
function of E7-specific CD8™ T cells but may also increase the number of antigen-specific CD8* T cells in the

tumor, the principle site of antigen expression.

Human papillomavirus (HPV) type 16 (HPV-16) infection
in humans is associated with most cervical cancers (47), and
expression of the early oncogenic proteins E6 and E7 is re-
quired to maintain the transformed state of the tumor cell.
Therefore, E7 is an appropriate tumor-specific antigen and
target for vaccine-based treatment of HPV-16-associated ma-
lignancies (9). Specific immunity against HPV-16 transformed
tumors in murine models has been achieved by a number of
vaccine protocols (reviewed in reference 38). These include
administering E7 protein (14, 40), the CD8" epitope in E7
specific for H-2D" (13), DNA that codes for E7 (8), or recom-
binant vaccinia virus vectors that express E7 (22, 23). An ef-
fective therapeutic response in most of these situations corre-
lates with the induction of cytotoxic T lymphocytes (CTLs)
specific for the E7 CD8™ epitope, RAHYNIVTF (13).

The role of CD8™ T cells in tumor immunity can be diverse.
Not only are these cells able to lyse tumor targets that express
tumor-specific antigen in the context of major histocompati-
bility complex (MHC) class I but also they secrete cellular
mediators, such as gamma interferon (IFN-y) and tumor ne-
crosis factor alpha (TNF-a). Both IFN-y and TNF-a have
potent antitumor effects (27). The production of inducible
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nitric oxide synthase by macrophages requires both TNF-« and
IFN-vy (12). The chemokines IP-10 (IFN-y-inducible protein
10) and Mig (monokine induced by IFN-v) are also produced
by macrophages in response to IFN-y. These chemoattractants
mediate the infiltration of NK cells (37) and also inhibit an-
giogenesis (2, 32). TNF-a is also able to recruit NK cells to the
tumor, providing a valuable mechanism by which tumor cells
that have lost the expression of MHC class I molecules can be
removed (16, 19). Possible direct effects of IFN-y on tumor
cells include the regulation of proteosome composition and
hence antigen processing (45) and the upregulation of MHC
class I expression (3) to enhance tumor immunogenicity.
Immunization with fusion products that consist of tumor
antigen determinants and a nonantigenic determinant, either
as naked DNA or purified protein, can significantly enhance
tumor-specific immunity (1, 8, 14, 35). Previous work in our
laboratory has shown that a recombinant Listeria monocyto-
genes construct that expresses a fusion of influenza virus nu-
cleoprotein (NP) with listeriolysin O (LLO) at the N terminus
is able to induce antigen-specific immunity that mediates the
protection of mice against tumors expressing NP (26, 43). The
hemolysin LLO is a secreted pore-forming protein that is es-
sential for the escape of L. monocytogenes from the microbi-
cidal environment of the macrophage phagolysosome (15). How-
ever, the form of LLO fused to NP used in these studies had
been modified to remove the sequence that codes for the he-
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FIG. 1. Schematic of the different forms of E7 expressed by each vaccinia virus recombinant. In each form, the pSC11 vaccinia virus vector was
used to insert the gene of interest into the thymidine kinase (TK) gene of the WR host strain of vaccinia virus.

molytic portion of LLO (24). We recently described (G. Gunn
et al., submitted for publication) a potent E7-based immuno-
therapeutic agent that could cause the regression of estab-
lished HPV-16 immortalized transplantable mouse tumors and
that also used L. monocytogenes as a vaccine vector and the E7
antigen fused to LLO. Interestingly, a similar vector that ex-
pressed E7 alone was quite ineffective in the same model
tumor system. There are a number of genetic differences be-
tween these two recombinant listerial vectors, but a major
difference is the form of the antigen expressed.

In order to address whether fusing E7 to LLO (LLOE7)
enhances the immunogenicity of E7, in this study LLOE7 was
delivered using a nonlisterial vector, vaccinia virus, and com-
pared to two other forms of E7 that are expressed by totally
isogenic vaccinia virus constructs and that are known to have
different antitumor potencies. One construct expresses unmod-
ified E7 (VacE7), and the other expresses E7 fused to lyso-
some-associated membrane protein 1 (LAMP-1) designed to
improve MHC class II-restricted responses (VacSigE7LAMP-1)
(22). We show that, compared to other vaccinia virus-based E7
vaccines, VacLLOET7 is a potent antitumor immunotherapeu-
tic agent with important clinical potential for the treatment of
cervical cancers.

MATERIALS AND METHODS

Tumor cell lines and maintenance. The TC-1 cell line described previously
(22) was obtained from the National Biological Resources Branch, National
Cancer Institute, National Institutes of Health, Frederick, Md. EL4 and EL4-E7
(39) were kind gifts from Robert Tindle, Sir Albert Sakzewski Virus Research
Center, Royal Children’s Hospital, Brisbane, Queensland, Australia. Each line
was maintained in RP-10, which consisted of RPMI 1640 (Cellgro) supplemented
with 2 mM r-glutamine, 0.1 mM minimal essential medium with nonessential amino
acids, 1 mM sodium pyruvate, 10 U of penicillin/ml, 10 pg of streptomycin/ml, 10%
fetal bovine serum, and 10% NCTC medium (all from GIBCO BRL). TC-1 and
EL4-E7 were maintained in RP-10 that also contained 400 pg of Geneticin/ml. All
cells were grown in a 37°C incubator at 95% humidity and 10% CO,.

DNA constructs and generation of vaccinia virus recombinants. To ensure
that the vaccines differed only by the form of E7 expressed, the vaccinia virus
recombinants used were generated by transfection with pSC11-based plasmids.
pSC11 is a plasmid that drives foreign gene expression with the vaccinia virus
early-late promoter p7.5. Each construct differed only in the fusion product of E7
encoded. Figure 1 is a schematic of each plasmid that describes the different
forms of E7 expressed by each recombinant.

The portion of LLO that is required for its sulfhydryl-dependent hemolytic
activity was removed by using PCR to exclude amino acids 442 to 529, which
contain the cysteine-dependent active site of LLO (24). An Xhol site was intro-
duced into the 3’ end of the resultant truncated gene to allow ligation with the
gene that codes for HPV-16 E7. The resultant fusion of LLO and E7 (LLOE?7)
was then cloned into the Xbal/Nhel site of pAM401 upstream of the prf4 gene
for subsequent expression by Listeria (Gunn et al., submitted).

To allow expression by vaccinia virus, the LLOE7 sequence was cloned into
pSC11. To do this, we first modified a portion of the LLOE7 sequence by PCR
to alter a TsNT sequence at the 5" end of the LLOE7 sequence to ensure its
proper early transcription by vaccinia virus. We also introduced restriction sites
to permit in-frame cloning of this fragment of LLO into a previously described
pUC19 plasmid containing the full LLOE7 open reading frame (Gunn et al.,
submitted). The oligonucleotides synthesized for this modification were as fol-
lows: pGG55LO (3'GCATTTTCGCTTAAGCS'), where the underlined se-
quence represents an EcoRI site within the LLO sequence, and pGG55UPNXC
(5'GGAATTCCATATGCCCGGGATGA,;TAATGCTAGTCTTTATTACAC
TTATATTAG3'), where the underlined sequence represents an Ndel/Xbal site.
After PCR amplification, the resultant fragment was digested with EcoRI and
Ndel and then ligated into similarly cut pUC19 containing the nonhemolytic
sequence of LLO fused to E7. From here, the modified fusion protein was
excised using Xmal and inserted into the Xmal site of pSCI11. Successful intro-
duction of these changes (without loss of the original sequence that codes for
LLOE?7) was confirmed by sequencing.

The recombinant virus was isolated by standard procedures (7). Briefly, the
pSC11LLOET7 construct was used to transfect CV1 cells that had been infected
with wild-type vaccinia virus strain WR (Western Reserve). Cell lysates obtained
from this infection-transfection step contained vaccinia virus recombinants that
were plaque purified three times on a thydimidine kinase-deficient cell line in the
presence of bromodeoxyuridine and 5-bromo-4-chloro-3-indolyl-B-p-galactopy-
ranoside (X-Gal) staining. Expression of the LLOE?7 fusion product by plaque-
purified vaccinia virus was verified by Western blotting using an antibody di-
rected against the LLO protein sequence. VacSigE7TLAMP-1 and VacE7 were
made as described previously (44) using the same vaccinia virus vector (pSC11)
and host strain of vaccinia virus (WR).
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FIG. 2. VacLLOE7 causes long-term regression of tumors established from 2 X 10° TC-1 cells injected s.c. into C57BL/6 mice. Mice were
injected 11 and 18 days after tumor challenge with 10’ PFU of VacLLOE7, VacSigE7LAMP-1, or VacE7/mouse i.p. or were left untreated (naive).
Eight mice per treatment group were used, and the cross section for each tumor (average of two measurements) in each mouse is shown for the

indicated days after tumor inoculation.

In vivo treatment of tumors. Eight- to 10-week-old female C57BL/6 mice
(Charles River Laboratories) were injected subcutaneously (s.c.) in the flank with
1 X 10° or 2 X 10° viable TC-1 cells in either phosphate-buffered saline (PBS)
or Matrigel (BD Biosciences). TC-1 suspensions in Matrigel were prepared by
adding 400 pl of Matrigel to 2 X 10° TC-1 cells in 100 ul of PBS. Upon the
appearance of palpable tumors (7 days later), groups of eight mice were injected
twice intraperitoneally (i.p.) on days 11 and 18 after tumor inoculation with 107
PFU of vaccinia virus. Tumor sizes were assessed every 2 to 3 days using calipers
to determine the average diameter of each tumor. Mice were sacrificed when
tumor sizes exceeded 25 mm.

In vitro CTL induction and activity. Eight- to 10-week-old female C57BL/6
mice were injected twice i.p. with 107 PFU of vaccinia virus as described above.
Thirteen days later, the spleens from two mice per vaccination group were
pooled and homogenized in RP-10 using nylon mesh bags. Erythrocytes were
lysed using Tris ammonium chloride solution and washed twice in RP-10. Pri-
mary cultures of 2 X 10° splenocytes/ml were incubated in upright T75 flasks with
irradiated (30,000 rads) TC-1 tumor cells in 25 ml of RP-10 for 6 days. The ratio
of splenocytes to TC-1 cells for each group was 100:1. Following this period, cells
from each primary culture were prepared for a conventional 5-h chromium
release assay at increasing effector/target (E:T) ratios using EL4, EL4 plus E7
peptide (RAHYNIVTF), or EL4-E7 as targets. The amount of >'Cr released into
the culture supernatant of each well was determined by carefully transferring 50
wl of supernatant into 200 wl of Optiphase Supermix (Wallac, Perkin-Elmer).
Samples were then read using a Microbeta scintillation counter (Wallac, Perkin-
Elmer). The percent specific lysis was determined by using the following equa-
tion: [(test chromium release — spontaneous chromium release)/(total chro-
mium release — spontaneous chromium release)] X 100. Spontaneous chromium
release was determined by using 'Cr-pulsed targets in the absence of effector
cells, and total chromium release was determined by adding an equal volume of
2% Triton X-100 to lyse pulsed targets. An average of three or four specific lysis
values for each E:T ratio was then plotted.

Intracellular staining and analysis by flow cytometry Mice were injected twice
i.p. on days 7 and 14 with 107 PFU of vaccinia virus. Splenocytes were harvested
7 days later and incubated with 1 uM peptide for 5 to 6 h in the presence of the
Golgi transport inhibitor brefeldin A or monensin at a density of 107 cells/ml.
Cells were washed twice and incubated in 50 pl of anti-mouse Fcy receptor
supernatant 2.4G2 (American Type Culture Collection) for 1 h or overnight at
4°C. Cells were stained for surface molecules, permeabilized, fixed using the
permeabilization kit Golgi-Stop or Golgi-Plug (Pharmingen), and then stained
for the cytokines IFN-y and TNF-a. Typically, 400,000 events were acquired
using the two-laser flow cytometer FacsCalibur and analyzed using Cellquest
software (Becton Dickinson).

Proliferation assays. Splenocytes from mice given two i.p. injections of vac-
cinia virus 7 days apart were pooled from two mice per vaccination group 10 days
after the final injection. Following the removal of erythrocytes, the majority of B
cells and macrophages were removed by passing the cells over a nylon wool
column. Enriched T cells (2.5 X 10°) were incubated for 66 h in triplicate with an
equal number of syngeneic y-irradiated splenocytes in a volume of 200 wl with
increasing concentrations of recombinant E7 protein in flat-bottom 96-well
plates. Cells were pulsed with 0.5 wCi of [*H]thymidine for the final 18 to 24 h
of incubation and harvested onto filter mats using a Titertek harvester (Wallac,
Perkin-Elmer). Samples in Microbetalux scintillant were then read using the
Microbeta scintillation counter.

In vitro tumor analyses. Tumors from mice were excised and cut into 2-mm
pieces after removal of blood vessels and connective tissue by dissection. To
isolate T cells, tumors were incubated for 30 min, with occasional shaking, in an
enzyme mixture that consisted of 2 mg of collagenase P/ml, 1 mg of DNase
I/ml,10 U of penicillin/ml, and 10 g of streptomycin/ml in PBS at 37°C. The
digested tissue was then passed through a nylon mesh bag, and the resultant cells
were washed twice in RP-10 before being stained for flow cytometric analysis as
described previously. Cells in Matrigel plugs were either isolated as described
above or incubated in 300 pl of PBS overnight at 4°C before removal of the
fibrous clot with forceps, passed through a nylon mesh bag, and then washed in
PBS containing 5% fetal bovine serum and 0.05% azide.

RESULTS

VacLLOE?7 is a better TC-1 tumor immunotherapeutic agent
than VacE7 and VacSigE7TLAMP-1. To assess the efficacy of
VacLLOE?7 for tumor therapy, we determined its ability to
cause regression of established TC-1 tumors in C57BL/6 mice
compared to the results for VacSigE7TLAMP-1- and VacE7-
vaccinated mice. A dose of 2 X 10° TC-1 cells were first in-
jected s.c. into the flank of each mouse. Eleven days later, when
the tumor was at least 8 to 9 mm in size, each mouse was
treated with 107 PFU of vaccinia virus i.p. A boost of the same
dose was given i.p. 7 days later. Tumor sizes were observed
every 2 to 3 days. Five representative time points are shown in
Fig. 2. At 23 days after tumor inoculation, none of the mice
that had received VacE7 were tumor free, and by day 48, none
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FIG. 3. CTL responses to E7 induced by VacLLOET7 surpass those seen with VacSigE7LAMP-1 and VacE7. Mice were injected twice i.p. 7 days
apart with 107 PFU. Thirteen days after the final injection, spleen cells from two mice per treatment group were harvested and pooled as described
in Materials and Methods. EL4 cells, EL4 cells pulsed with a peptide from HPV-16 E7 (RAHYNIVTF) (EL4 + E7 peptide), or EL4 cells stably
transfected with full-length HPV-16 E7 (EL4E7) were compared with the parental EL4 cell line as targets for lysis. CTL activity is expressed as
the average percent specific lysis for measurements at each E:T ratio as described in Materials and Methods. Error bars indicate standard
deviations for measurements in triplicate or quadruplicate. Results shown are representative of three independent experiments.

had survived. In marked contrast to VacE7-treated mice, three
of eight of the mice given VacsigE7LAMP-1 had resolved their
tumors by day 23. However, two of eight of the regressed
tumors grew out, so that at day 48, only one of the eight mice
was tumor free. These results are in agreement with the ob-
servation made previously with these vaccinia virus constructs
that VacSigE7LAMP-1 is far more effective than VacE7 at
controlling the growth of TC-1 tumors in vivo (22). However,
it should be noted that in that study (22), tumor challenges
were approximately 10-fold lower than ours, so that at 7 days,
when vaccination took place, only microscopic tumors were
present. Because immunization took place before tumor growth
could be measured, only tumor appearance after vaccination
was monitored and plotted; 100% protection against tumor
appearance by vaccination with VacSigE7LAMP-1 could be
demonstrated (22). We show here that only 12% of animals
can be cured of 8- to 9-mm macroscopic tumors using this
vaccine. However, if immunizations are performed when the
tumors are 3 to 5 mm in size, 25% of the mice can be cured of
their tumors and remain tumor free (data not shown).
Effective eradication of TC-1 was also observed in mice that
received VacLLOE?7. Four of eight of these mice were tumor
free 23 days after tumor inoculation. In contrast to the situa-
tion with VacSigE7LAMP-1, no tumors escaped in these mice,
so that these mice were still tumor free at the end of the ex-
periment, on day 48. The difference between the average sizes
of tumors in VacSigE7LAMP-1-treated mice and VacLLOE7-
treated mice on day 28 was statistically significant (P < 0.05, as
determined by Student’s ¢ test), despite large deviations in
tumor size between individual mice. We have performed this
comparison between VacSigE7LAMP-1 and VacLLOE7 with
tumors varying in size between 3 and 8 mm and have found
that 5 of 24 mice remain tumor free in the group immunized
with VacSigE7LAMP-1 compared to 12 of 24 mice remaining
tumor free in the group immunized with VacLLOE7 (P < 0.05,

as determined by the G likelihood ratio chi-square test). Thus,
VacLLOEY7 is able to slow the reappearance of TC-1 such that
the mortality of mice is significantly improved over that seen
following treatment with VacSigE7LAMP-1 or VacE7.
E7-specific CD8* T-cell responses are enhanced in mice
vaccinated with VacLLOE7 and VacSigE7LAMP-1 versus
VacE7. CTL responses to E6 and E7 have been identified
elsewhere as correlating with effective immunotherapy of HPV
immortalized tumors (9, 13, 24). Thus, we sought to determine
whether the mechanism underlying the improved efficacy of
VacLLOE?7 involved enhanced lytic activity of cells isolated
from mice treated with this construct. VacLLOE7 was again
compared with VacSigE7TLAMP-1 and VacE7. Vaccinia virus
expressing human immunodeficiency virus (HIV) Gag (Vac-
Gag), which expresses an irrelevant antigen, was used as a
negative control. Figure 3 shows that splenocytes from mice
treated with VacE7 generated very little lysis above that seen
with VacGag. In contrast, mice given VacSigE7TLAMP-1 were
able to generate CTLs that had significantly enhanced cyto-
toxic activity in the presence of E7. However, at an E:T ratio of
25:1, VacLLOE7-induced cells were capable of mediating at
least 20% more lysis than VacSigE7LAMP-1-derived effectors.
Since many of the tumoricidal effects of CD8™ T cells in vivo
are mediated through the secretion of the inflammatory cyto-
kines TNF-a and IFN-y, we next examined the cytokine pro-
files of splenic E7-specific CD8" T cells using an intracellular
staining assay (25). Figure 4 contains representative dot plots
obtained by flow cytometry that show the frequencies of E7-
specific CD8* T cells among activated (CD62L'°) CD8* T
cells in culture. The highest frequency of CD8" T cells that
produce IFN-y and TNF-a in response to the E7 MHC class I
epitope is obtained from mice vaccinated with VacLLOE7.
The most striking observations are that the frequency of T cells
producing IFN-y and TNF-« in an antigen-specific manner is
always highest in the spleens of mice treated with either
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FIG. 4. Inflammatory cytokine production in response to RAHYNIVTF by CD8" T cells is enhanced in the spleens of mice vaccinated with
VacLLOE7. Following two i.p. injections 7 days apart with 10’ PFU of VacGag, VacE7, VacSigE7LAMP-1, or VacLLOE7, spleen cells from two
mice per treatment group were harvested 13 days after the second injection. Whole splenocytes were incubated with 1 uM HPV-16 E7 peptide
RAHYNIVTF for 5 h in the presence of a Golgi transport inhibitor, and the levels of intracellular IFN-y (A) and TNF-a (B) were determined
by flow cytometry as described in Materials and Methods. Values shown are percentages of activated CD8™ T lymphocytes (gated on CD62L) that
are IFN-y positive. IFN-y production in the presence of an irrelevant peptide (AMQMLKETTI) from HIV Gag was no more than 10% the value
shown for each vaccinia virus recombinant expressing E7. Responses shown are representative of three experiments.

VacSigE7TLAMP-1 (0.63%) or VacLLOE7 (1.56% for IFN-y
and 1.31% for TNF-a), while IFN-y and TNF-a production is
lowest in the spleens of mice given VacE7 (0.28%).

The CD8" T cells induced by these different vaccinia virus
constructs were also quantified by determining the frequency
of T cells in the spleen that are positive for fluorogenic E7-
H2-DP" tetramers. Peptide MHC tetramers have been used ex-
tensively to determine the numbers of bacterium- and virus-

specific T cells in animal infection models (5, 6, 25). MHC
tetramers have also been useful for identifying and character-
izing T cells specific for tumor antigens in melanoma patients
(21, 46) and in murine vaccination protocols with vaccinia virus
(42). Thus, we wanted to determine if the number of IFN-y-
secreting T cells corresponds to the number of T cells that are
positive for E7-H2-D" tetramers loaded with the dominant
CTL epitope of E7, RAHYNIVTF.
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FIG. 5. VacLLOE?7 and VacSigE7LAMP-1 induce similar numbers of tetramer-positive T cells that are specific for E7-H2-D and that secrete
IFN-vy in response to the HPV-16 peptide RAHYNIVTF. Spleen cells from mice vaccinated twice i.p. with each vaccinia virus construct were
harvested 7 days after the last vaccination, incubated with 1 uM HPV-16 E7 (A) or HIV Gag (B) peptide, and stained for surface markers as
described in Materials and Methods. Cells were gated on CD8* CD62L'°, and IFN-y production by E7-H2-D" tetramer-positive cells was
determined. IFN-y production in the presence of an irrelevant peptide (AMQMLKETTI) from HIV Gag was less than 10% the value shown for
each vaccinia virus recombinant expressing E7. Responses shown are representative of two independent experiments.

Interestingly, we found that only about half of the cells that
produce IFN-y when stimulated by RAHYNIVTF stain bright-
ly with E7-H2-DP tetramers (Fig. 5A). We also found that un-
stimulated CD8™ T cells, i.e., that had been incubated with the
H-2%-restricted control peptide from human immunodeficiency
virus (HIV) Gag (AMQMLKETI), stained much more brightly

with the tetramers such that almost twice as many cells were
positive for E7-H-2D" (compare Fig. SA and Fig. 5B). Of
course, in Fig. 5B none of the cells show the production of
IFN-vy because they are not Gag specific and, therefore, were
not stimulated by the control peptide. Indeed, this population
of cells represents the ex vivo pool of E7-specific CD8" T cells
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induced by vaccination. Figure 5B shows that about twice as
many tetramer-positive CD8™" T cells were present in the spleens
of VacSigE7LAMP-1 (1.14%)- and VacLLOE7 (1.34%)-im-
munized mice as in those of VacE7 (0.68%)-immunized mice.
We believe that the somewhat duller staining observed in Fig.
5A is due to the downregulation of the T-cell receptor (TCR)
on activated T cells upon stimulation by antigen-presenting
cells (APCs) presenting RAHYNIVTF. This is probably exac-
erbated by the presence of the Golgi inhibitor monensin, re-
quired for the detection of intracellular IFN-y, which would
block the export of newly synthesized TCR to the cell surface.
The downregulation of TCR by engagement with peptide
MHC is a well-known phenomenon (31, 41). Nevertheless, it is
obvious from Fig. 5 that VacE7 is less able to generate RAH
YNIVTF-specific CD8" T cells than VacSigE7LAMP-1 and
VacLLO-E7, which induce approximately equal numbers of
IFN-vy-secreting T cells and tetramer-positive T cells on stim-
ulation with the immunodominant epitope (Fig. 5A) or tet-
ramer-positive T cells ex vivo (Fig. 5B).

Therefore, the data described here indicate that the ability
of each of these vaccinia virus constructs to eradicate TC-1
tumors correlates with their ability to induce E7-specific CTLs
that recognize the RAHYNIVTF-H2" complex. The frequency
of E7-H2P-specific cells that produce the inflammatory cyto-
kines IFN-y and TNF-« also supports the involvement of CD8"
effector cells in the treatment of established TC-1 tumors.

CD4* T-cell-mediated responses to E7 are undetectable
by proliferation measurements in mice vaccinated with
VacLLOE?7. Previous studies have shown that modification of
the E7 sequence to target it to peptide MHC class II loading
compartments, via the Lamp-1 signal sequence and the N-ter-
minal sequence, enhances the CD4 " -restricted response to E7
over that seen with VacE7 (44). Not only were vaccinia virus
constructs expressing SigE7LAMP-1 able to induce enhanced
proliferative responses to the E7 CD4™ T-cell epitope, but
these T cells were also required to mediate protection against
TC-1 challenge (22).

The superior CTL activity and cytokine-secreting potential
of CD8" T cells from VacLLOE7 mice over those seen with
mice treated with VacE7 therefore indicated that mice receiv-
ing this treatment may also have good CD4" T-cell helper
responses directed to E7. To test this hypothesis, we examined
the proliferative activity of T cells from mice vaccinated with
VacGag, VacE7, VacSigE7LAMP-1, and VacLLOE7.

As expected, the proliferative response to E7 by T cells
isolated from mice treated with VacSigE7LAMP-1 was higher
than that seen with cells isolated from VacE7-treated mice
(Fig. 6). However, to our surprise, very little proliferation
specific for E7 was detected in cultures with T cells from
VacLLOE7-vaccinated mice. In addition to this finding, we
were unable to consistently detect CD4™ T cells that secrete
IFN-vy in response to either the class II epitope contained
within E7 (residues 31 to 62) or E7 protein (data not shown).
Thus, in the absence of CD4™ T-cell help that is specific for E7,
VacLLOE7 can induce CD8" T cells that specifically target
cells that express E7.

CD8™ tetramer-positive T-cell numbers are enhanced in the
tumors of mice treated with VacLLOE7. Mice immunized with
VacLLOE7 have poor proliferative responses to E7 protein
compared to VacSigE7TLAMP-1-immunized mice but better
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FIG. 6. In vitro proliferative responses to exogenous E7 protein
are significantly reduced in the spleens of mice vaccinated with
VacLLOE7. Mice were given two i.p. injections of 10’ PFU of Vac-
GAG, VacE7, VacSigE7LAMP-1, or VacLLOE?7. Ten days after the
last injection, spleen cells from two mice per vaccination group were
harvested and enriched for T cells over nylon wool columns. T cells
from each vaccination group were incubated with equal numbers of
syngeneic +y-irradiated APCs as described in Materials and Methods.
T-cell proliferation is shown as the mean of triplicate measurements of
[*H]thymidine incorporation at each concentration of E7. Error bars
are standard deviations of the mean at each dose. Results shown are
representative of two experiments.

control the growth of TC-1 tumors in vivo. In addition,
VacLLOE7 induces better CD8" T-cell immunity in the spleen
than VacSigE7LAMP-1, which is more effective than VacE7.
We therefore examined whether these RAHYNIVTF-specific
CD8™ T cells were present in the tumors of mice treated with
each vaccinia virus construct. As described earlier for the tu-
mor regression studies, 2 X 10° TC-1 cells were injected s.c.
into C57BL/6 mice, and each treatment group was injected
twice i.p. with the relevant vaccinia virus construct. Seven days
after the final injection, spleens and tumors from mice in each
group were removed and analyzed for E7-specific CD8™ T-cell
contents. The spleens from two or three mice were pooled, as
were the tumors.When the tumor had regressed completely, a
biopsy of the tissue at the tumor site was performed. These
cells were homogenized in the same way as the cells obtained
from mice that still bore tumors at the site of implantation and
resembled lymphocytes in size, as determined by their forward
and side scatter fluorescence-activated cell sorting profiles
(data not shown).

The cells remaining at the site of tumor inoculation were
examined for T cells specific for E7-H2-D". These were clearly
visible without in vitro stimulation or gating for activated T
cells (Fig. 7). The number of tetramer-positive cells in the tu-
mors of mice given VacGAG constituted ~1% of lymphocytes
infiltrating the tumor. In mice that had been treated with VacE7,
tetramer-positive T cells represented ~4% of the total lym-
phocytes in the tumor, whereas ~8% of the infiltrating lym-
phocytes in mice treated with VacSigE7LAMP-1 were tetra-
mer positive. Most striking is that almost 16% of lymphocytes
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FIG. 7. Exvivo frequencies of E7-H2-DP-specific tetramer-positive CD8" T cells in the tumors of mice treated with VacLLOE?7 are enhanced
over those seen with VacSigE7LAMP-1 and VacE7. Tumors were homogenized in the presence of collagenase and DNase to aid in the isolation
of T lymphocytes. Cells were gated for live lymphocytes based on their forward scatter and side scatter to exclude cellular debris, and CD8" T cells
reactive for E7-H2-D® were identified without in vivo stimulation or gating for activated T cells.

present at the site of tumor inoculation in VacLLOE7-treated
mice were tetramer positive, indicating that the enhanced pro-
duction of CTLs in the spleens of vaccinated mice (Fig. 3)
translated into effector cells in the tumor.

Because the clinical response to vaccination was heteroge-
neous for each vaccine, resulting in the necessity of harvesting
tumors of various sizes for each group, tumor cells were mixed
with Matrigel prior to s.c. inoculation. Matrigel is a recon-
structed basement membrane in which solid tumors can grow
and interact with infiltrating cells (18, 34) and as such is often
used to study tumor invasion of basement membrane as well as
angiogenesis and tumor infiltration. Matrigel plugs of the same
size were harvested from each vaccine group 7 days after the
last immunization. Half the plug from each mouse was treated
with DNase and collagenase, while the other half was left
untreated. The cells isolated from the tumors in each group
were pooled as before. Table 1 summarizes our observations
using Matrigel-embedded tumors in vivo. As observed in the
absence of Matrigel, the number of tetramer-positive T cells
specific for E7-H2-D" and located at the site of the tumor
was markedly enhanced in mice treated with VacLLOE7 or
VacSigE7LAMP-1. Again, mice treated with VacE7 had the
lowest frequency. This trend was also observed for tumors that
had been homogenized with enzyme compared with those that
had not been incubated with DNase and collagenase. This re-

sult indicates that the enzymatic digestion of tumors does not
have a great impact on cell surface receptors.

We also used E7-H2-DP tetramers to measure the impact of
TC-1 tumors on the number of E7-specific CD8* T cells left in
the spleen following treatment with each of the vaccinia virus
constructs. In vitro, tetramer-positive spleen cells were discern-
ible to very similar extents (0.14 to 0.31%) in all treatment

TABLE 1. Enhanced accumulation of E7-specific CD8" T cells in
TC-1 tumors of mice treated with VacLLOE?7 is not influenced
by collagenase and DNase treatment of tumors®

% of CD8™" tetramer-positive cells for
the indicated sample in:

Expt 1 Expt 2
Treatment Matrizel Matrizel
. atrige! atrige
Spl Tumor with Spl tumor with  tumor with-
pieen t:r'lzt}r]nm?]t pieen enzyme out enzyme
catme treatment treatment
VacGag 0.05 1.07 0.23 0.2 0.01
VacE7 0.06 3.9 0.07 4.7 7.9
VacSigE7TLAMP  0.04 8.6 0.19 15.6 18.3
VacLLOE7 0.05 15.9 0.48 18.2 25.8

“The percentages of RAHYNIVTF-specific cells in the spleens of treated
mice are also shown for comparison. Values shown are percentages of cells that
fall within the live lymphocyte gate.



9662 LAMIKANRA ET AL.

A.

IFN-y

IFN-y

VacGAG

VacSigE7LAMP-1

J. VIROL.

>

>

<t <
o (@]
o o
2 =
[T w
> >
- p=4
o Lo
o W E
109 10" 102 10° 10? 109 10" 10° 10° 10*
RAHYNIVTF TETRAMER PE RAHYNIVTE TETRAMER PE
VacE7 VacLLOE?
< <
2 2
: o
[T [N
> >
pd pd
&, &
2 S
10° 10" 10 10° 10* 100 10" 102 10° 10*
RAHYNIVTF TETRAMER PE RAHYNIVTF TETRAMER PE
E7:H2-Db
TETRAMERS
VacGAG VacSigE7LAMP-1
~r <
o E
: o
[T [T
> >
=z pd
& £, _
o . 9
10 10" 10 10° 10* 10 10" 102 10° 10
RAHYNIVTF TETRAMER PE RAHYNIVTF TETRAMER PE
VacE7 VacLLOE7
<t <
E E
2 2
[T [T
> >
=z pd
9 Lo
(=} =) d
100 10! 102 10° 10* 100 10" 10° 10° 10*
RAHYNIVTF TETRAMER PE RAHYNIVTF TETRAMER PE
E7:H2-Db
TETRAMERS

FIG. 8. IFN-y secretion by E7-H2-DP-specific tetramer-positive CD8™ cells in the spleens of tumor-bearing mice is indistinguishable between
mice receiving different vaccinia virus constructs expressing E7. Spleen cells from vaccinated mice were harvested and stimulated as described in
the legend to Fig. 5. Plots are of percentages of activated (CD62L'®) CD8™ cells that secreted IFN-y in response to the HIV Gag control peptide

(A) or RAHYNIVF (B).

groups, including those given VacGag (Fig. 8A). Stimulation of
spleen cells with the RAHYNIVTF epitope, to determine the
proportion of CD8* tetramer-positive T cells capable of pro-
ducing IFN-y, demonstrated that IFN-y production by cells

from VacE7-immunized mice was as high (1.68%) as that seen
with immune cells from mice treated with VacLLOE7 (1.42%)
and VacSigE7TLAMP-1 (1.21%). This finding is in contrast to
the inferior IFN-y production by T cells from VacE7-immu-
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nized mice compared to the other two vaccine constructs in the
absence of TC-1 tumors (Fig. 4 and 5).

Thus, the higher numbers of E7-specific T cells at the site of
tumor inoculation in mice treated with VacLLOE7 suggest
that the differences in efficacies of the vaccine constructs de-
scribed here may be due not just to the levels of CD8™ T cells
induced but also to the ability of these T cells to exit the
periphery and home in on the tumor site.

DISCUSSION

In this report, we demonstrate an as-yet-undescribed immu-
nity-enhancing function of nonhemolytic LLO expressed as a
fusion protein with E7 by vaccinia virus.

In the past, a role for both CD4* and CD8™ effectors spe-
cific for E7 in the eradication of tumors has been demonstrated
(22, 40). However, others have shown that protection against
E7 immortalized tumors is more dependent on CD8" T-cell
responses to E7 than on CD4" T-cell responses (13). More
pertinent to the work described in this report, Chen et al. (8)
have found that the administration of DNA encoding a fusion
of the gene for E7 with the gene for heat shock protein (HSP)
70 (HSP-70) results in CD8" T-cell responses to E7 in the
absence of CD4™ T-cell responses. As with the observations
made in this study, such immune responses were able to cause
the regression of TC-1 tumors in vivo. Therefore, the ability of
VacLLOE?7 to induce the regression of established TC-1 tu-
mors in the absence of a proliferative CD4™ T-cell response to
E7 is in agreement with previous work studying the treatment
of HPV-16 immortalized tumors using immunity-enhancing
therapy.

The reduced proliferative responses to exogenous E7 in
vitro in the spleens of mice vaccinated with VacLLOE7 may be
due to an ability of LLO to specifically enhance CD8* T-cell
responses. For example, other investigators have shown that
fusion of HSP-70 to ovalbumin specifically enhances CD8"
T-cell responses to the ovalbumin peptide SIINFEKL (35)
independently of CD4"% T-cell help (17). HSP fusions may
achieve this result because of the ability of HSPs to transport
misfolded proteins to the ubiquitination pathway and therefore
bypass the MHC class II pathway (4) or because of their innate
ability to potentiate the Thl response (29) and enhance the
expression of costimulatory molecules on professional APCs
(10, 20, 30) such that CD4" T-cell help is no longer required.
Since the region of HSP-70 required for CTL enhancement
does not include the peptide binding domain used for the
transport of proteins (17), the latter explanation may be more
likely. It is possible that LLOE7 uses similar mechanisms to
achieve potent CTL activity in the absence of CD4"% T-cell
responses to E7. We believe that LLOE7 more effectively
targets the protein for rapid proteolysis in the cytosol due to
the presence of a PEST-like sequence (28) near the amino
terminus of LLO (11). This would enhance the presentation of
E7 in the MHC class I pathway of antigen processing, leading
to enhanced CD8* T-cell responses. It would also decrease the
access of E7 to the endocytic pathway and thus reduce E7
peptide loading of MHC class II molecules, with subsequent
poor CD4* T-cell responses to E7. In this scenario, CD4*
T-cell responses to antigens derived from the vaccinia virus
vector may provide help during the priming of CD8" T cells.

IMPROVED TUMOR IMMUNOTHERAPY TARGETING HPV-16 E7 9663

We are currently investigating the possible role of LLO in the
trafficking of its fusion partner to proteosomes.

We believe that boosting the number of preexisting CD8" T
cells specific for E7 mediates the resolution of TC-1 following
treatment with VacLLOE7. This notion is supported by the
enhanced CTL activity and E7 tetramer-positive CD8™ T cells
in the spleens of mice treated with VacLLOE7. However,
VacSigE7TLAMP-1 is also capable of inducing a significant
population of splenic antigen-specific CD8" T cells, a finding
which may explain the ability of this vaccine to eradicate tu-
mors during the first 2 weeks of treatment. Long-term eradi-
cation of TC-1 tumors, which occurs only in mice treated with
VacLLO-E7, is more likely to be affected by the migration of
E7-specific CD8" T cells to peripheral sites of antigen expres-
sion. The significantly enhanced numbers of tetramer-positive
T cells specific for E7-H2-DP at the tumor site of mice treated
with VacLLOEY is an indicator of this scenario. The selective
expression of a number of different adhesion molecules (e.g.,
CD44) and chemokine receptors (e.g., CCR5) may mediate
the expedient exit of E7-specific CD8™" T cells from the spleen
and draining lymph nodes to the tumor site (33, 36).

The findings in this paper therefore provide an additional
option for the enhancement of immune responses to E7 and a
possible immunotherapeutic agent for cervical cancers. The
enhanced numbers of CD8™" T cells that are specific for E7 and
that produce IFN-y together with their ability to persist at the
tumor site following treatment with a vaccinia virus recom-
binant that expresses LLOE7 may assist in overcoming the
mechanisms used by tumors to evade host immunity in vivo.
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