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Vaccines that aim to expand tumor-specific CD8* T cells
have yielded disappointing results in cancer patients
although they showed efficacy in transplantable tumor
mouse models. Using a system that more faithfully
mimics a progressing cancer and its immunoinhibitory
microenvironment, we here show that in transgenic
mice, which gradually develop adenocarcinomas due to
expression of HPV-16 E7 within their thyroid, a highly
immunogenic vaccine expressing E7 only induces low
E7-specific CD8* T-cell responses, which fail to affect the
size of the tumors. In contrast, the same type of vac-
cine expressing E7 fused to herpes simplex virus (HSV)-1
glycoprotein D (gD), an antagonist of the coinhibitory
B- and T-lymphocyte attenuator (BTLA)/CD160-her-
pes virus entry mediator (HVEM) pathways, stimulates
potent E7-specific CD8* T-cell responses, which can be
augmented by repeated vaccination, resulting in initial
regression of even large tumor masses in all mice with
sustained regression in more than half of them. These
results indicate that active immunization concomitantly
with blockade of the immunoinhibitory HVEM-BTLA/
CD160 pathways through HSV-1 gD may result in sus-
tained tumor regression.
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INTRODUCTION

Invitro expanded tumor antigen (TA)-specific T cells either isolated
from patients’ tumor material' or genetically modified to express
a chimeric antigen receptor composed of an antigen-specific sin-
gle-chain immunoglobulin variable fragment linked to a T-cell-
receptor-signaling domain with intracellular cosignaling motifs
from CD28, 4-1BB, or others® can cause regression of even large
tumor masses when transferred back into partially myeloablated
human subjects. This supports the concept that T cells, especially

CD8* T cells, can have substantial clinical benefit to end-stage
cancer patients. Nevertheless, even ex vivo manipulated autologous
TA-specific T cells appear to be susceptible to the immunosup-
pressive tumor microenvironment (TME) as upon transfer they
commonly fail to survive long enough to affect tumor regression.’
Cancer vaccines aiming to induce or expand TA-specific CD8"
T cells in vivo have in general yielded disappointing results in clini-
cal trials,* presumably also reflecting that a tumor during its pro-
gression causes a gradual impairment of the patients’ TA-specific
CD8* T cells, which cannot be reversed by traditional vaccines. In
addition, cancer vaccines have been shown to increase frequencies
of TA-specific regulatory T (Treg) cells, thus further weakening
vaccine-induced CD8* T-cell responses.>®

Here, we tested the hypothesis that blockade of a coinhibitory
pathway concomitantly with active immunization would overcome
defects of TA-specific CD8* T-cell responses and thus improve
the efficacy of a therapeutic vaccine in cancer-prone transgenic
(tg) mice. Specifically, we tested blockade of the coinhibitory her-
pes virus entry mediator (HVEM)-B- and T-lymphocyte attenu-
ator (BTLA)/CD160 pathways. HVEM upon binding to BTLA
and CD160 sends inhibitory signals to CD8% T cells,”® and this
is blocked by herpes simplex virus (HSV)-1 glycoprotein D (gD)°
resulting in more potent CD8™ T-cell responses to an antigen fused
into the C-terminus of gD.!*"*? The HVEM pathway is further used
by FoxP3TCD257CD4t Treg cells, which through expression of
HVEM can bind and signal through BTLA to effector T cells.”

We had shown previously that the augmented CD8* T-cell
response to E7 oncoprotein of human papilloma virus (HPV)-
16 expressed within gD allows for complete rejection of rapidly
growing transplanted tumor cells even if animals were vaccinated
shortly after they developed small tumors.'»'* Transplantable
tumor models have the limitation that they fail to accurately
mimic the immunoinhibitory effects of the microenvironment of
slowly progressing tumors and thus commonly paint an unduly
optimistic picture on the effectiveness of immunotherapeutic
treatments of cancer. We, therefore, tested vaccines based on
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adenovirus (Ad) vectors expressing only E7 or E7 fused into the
C-terminus of HSV-1 gD in mice that had been genetically engi-
neered to express the E7 under a thyroid-specific promoter.”® The
E7-tg mice, which gradually develop thyroid hyperplasia and by
6-8 months of age thyroid adenocarcinomas with a 100% pen-
etrance, clearly fail to mimic cervical cancer, the most common
clinical sequela of persisting HPV-16 infections, but provide a
suitable model to assess therapeutic vaccines that target a TA to
which the immune system is partially tolerant due to its pres-
ence during early development.'® The model also allows an evalu-
ation of the effects of a slowly progressing cancer on functions
of vaccine-induced immune responses. We show here that in this
model vaccination with E7 expressed as a fusion protein within
gD induces a potent E7-specific CD81 T-cell response without
increasing frequencies or numbers of FoxP3TCD25tCD4% Treg
cells and most importantly affects tumor regression in all mice
with large tumor masses, which in more than half of the vacci-
nated mice is sustained for at least 6 months.

RESULTS

Magnitude of vaccine-induced E7-specific CD8* T-cell
responses in wild-type, HVEM-KO, and E7-tg mice

The initial experiments were designed first to test whether express-
ing an antigen within gD augmented CD8*% T-cell responses
through blockade of the immunoinhibitory HVEM pathway and
second to assess whether E7 expressed on the thyroid affected
stimulation of E7-specific CD8™ T cells in young E7-tg mice with
thyroid gland hyperplasia or in older E7-tg mice with adenocar-
cinomas by a vaccine. To address the first question, groups of
HVEM-knockout (HVEM-KO; ref. 17) mice, which lack HVEM
expression (Figure 1a), were immunized once with 5 x 10" virus
particles of replication-defective Ad vectors of human serotype 5
expressing E7 (AdE7) or E7 fused into gD (AdgDE7). Mice were
bled 2 and 4 weeks later and frequencies of E7-specific CD8™
T cells were determined upon culture of peripheral blood mono-
nuclear cells with the E7 peptide or an unrelated peptide by intra-
cellular cytokine staining (ICS) of CD8* T cells for interferon-y
(IFN-y). Wild-type (wt) C57Bl/6 mice immunized with the same
set of vaccines were tested by ICS for comparison at 3 weeks after
vaccination. As shown in Figure 1b, wt mice immunized with the
AdgDE7 vaccine developed significantly higher frequencies of
IFN-y producing E7-specific CD8* T cells compared to those vac-
cines with the AdE7 vector. In contrast, in HVEM-KO mice both
vaccines resulted at either time point (Figure 1b shows result for
the analyses conducted at 4 weeks after immunization) in CD8%
T cells of comparable magnitude confirming that the gD-mediated
enhancement of CD8* T-cell responses depended on HVEM.

To assess whether growing E7-expressing tumors affected the
vaccines’ ability to induce CD8* T-cell responses, groups of E7-tg
C57Bl/6 mice and age-matched wt C57Bl/6 mice were immunized
at 8-10 weeks (young) or at 8-10 months (older) of age once with
5 x 10" virus particles of AdE7, AdgDE7, or AdgD. Frequencies
of E7-specific CD8 T cells were tested with an E7-specific major
histocompatibility complex class I tetramer (E7-tet) 14 days later
(Figure 1c). In young and older mice, the AdE7 vaccine induced
approximately tenfold lower frequencies in E7-tg mice than in wt
mice and this difference was highly significant. AdgDE7 induced
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significantly higher E7-specific CD8" T-cell responses than
AdE?7 in all cohorts tested and responses in E7-tg mice were only
approximately twofold lower than those in age-matched wt mice.
Responses in the thyroid were tested in E7-tg mice but not in wt
mice as their small thyroids failed to yield sufficient numbers of
lymphocytes. E7-specific CD8" T-cell responses were high only
in AdgDE7-vaccinated E7-tg mice shown by both frequencies
(Figure 1c) and absolute numbers of E7-specific CD8* T cells per
thyroid (Figure 1d). The AdgD control vaccine failed to induce
E7-specific CD8" T-cell responses in any of the groups (data not
shown). As reported previously E7-tg mice are tolerant to E7 and
fail to mount strong CD8* T-cell responses to traditional vac-
cines expressing this antigen.’®!” As shown here a vaccine that
concomitant to the TA expresses an antagonist of the coinhibitory
HVEM pathways can readily overcome the CD8" T cells’ toler-
ance and induce responses that are only marginally lower than
those achieved in wt mice.

Kinetics of responses in E7-tg mice

Upon intramuscular injection into a mouse E1-deleted Ad vectors
can persist at low levels in T cells for at least a year. Their genome
continues to be transcribed so that frequencies of CD8*1 T cells
to an Ad vector’s transgene product are maintained at exception-
ally high levels for long periods of time.'*" To assess whether the
Ad vectors achieved sustained E7-specific CD8* T-cell responses
in tumor-bearing mice, 8-month-old E7-tg mice were vaccinated
either with AdE7, AdgD, or AdgDE7 and the magnitude of the
E7-specific CD8™ T-cell response was tested over a period of 172
days from spleens, blood, and thyroid glands (Figure 2a). Again
AdE7 induced only a low CD8% T-cell response to E7. Mice
immunized with AdgD failed to show detectable frequencies of
E7-specific CD8" T cells indicating that the tumor per se was
poorly immunogenic (data not shown). The time course of the
response to AdgDE7 detected by E7-tet staining was unexpected
and differed markedly from previous reports, which had shown
that CD8™ T cell responses to an Ad vector’s transgene product
including those fused to gD typically peak within the first 2 weeks,
slightly decline thereafter, and then remain stable.'>" In spleens
of AdgDE7-immunized mice, frequencies of E7-specific CD8*
T cells detected by E7-tet staining were stable between days 7 and
88, but then by day 172 became markedly lower. In blood, frequen-
cies continued to rise between days 7 and 88 following vaccination
and then also sharply declined by day 172. In tumor-bearing thy-
roids, frequencies and numbers of E7-tettCD8* T cells peaked
on day 14 and then gradually declined. Aliquots of cells from the
same mice were tested for frequencies of E7-specific CD8* T cells
by ICS for IFN-y, interleukin (IL)-2, and tumor necrosis factor
(TNF)-a.. Using this functional assay, frequencies of E7-specific
CD8* T cells were slightly lower in spleens than those detected
by E7-tet staining but the overall pattern was similar. In blood,
responses peaked slightly later, i.e., by day 28 and then showed
a marked drop by day 88 and declined further by day 172. An
enrichment of E7-specific CD87 T cells within the tumor-bearing
thyroid glands was only seen early after immunization; by day 88
frequencies in thyroids had dropped below those in blood. Staining
for cytokines showed markedly lower frequencies in blood and
thyroid glands than E7-tet-staining, suggesting that a substantial
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Figure 1 Vaccine-induced E7-specific CD8" T-cell responses. (a) Peripheral blood mononuclear cells (PBMCs) of herpes virus entry mediator
knockout (HVEM-KO) mice or wild-type (wt) C57BI/6 mice were stained with antibodies to CD3 and HVEM. Graphs shows intensity for the HVEM
stain on CD3" cells from wt C57BI/6 mice (dark gray) and HVEM-KO mice (light gray) over % of maximal events. (b) HVEM-KO mice or wt C57BI/6
mice were vaccinated with AdE7 (black squares) or AdgDE7 (open squares). HVEM-KO mice were bled 4 weeks later and frequencies of E7-specific
CD8* T cells were determined by intracellular cytokine staining for interferon-y. PBMCs from C57BI/6 mice were tested 3 weeks after immunization.
Significance of differences between the groups was determined by one-tailed Student t-tests. For HVEM-KO mice comparing responses to AdE7 to
those of AdgDE7 P value was 0.43; for wt C57BI/6 mice the difference between these two vaccine groups was statistically significant (P = 0.0004).
(c) Young (2-month-old) and older (8- to 10-month-old) wt C57BI/6 and E7-tg mice were intramuscularly (i.m.) immunized with 5 x 10'° virus par-
ticles of E1-deleted Ad vectors carrying either E7 (black bars) or gDE7 (gray bars). Fourteen days later (1) spleens, (2) PBMCs isolated from wt and
E7-tg mice and lymphocytes isolated from (3, 4) thyroid glands of E7-tg mice were analyzed by staining with the E7-tetramer. Graphs €1-3 show
frequencies of E7-tettCD44""CD8™ cells over total CD8" cells, and €4 shows numbers of E7-tettCD44"s"CD8™ cells per thyroid gland. Experiments
were conducted with 3-10 mice per group. Graphs show means + SD. Significance of differences between groups was calculated by one-tailed
Student t-test. Comparing mice matched for strain (E7-tg versus wt mice), tissue (spleen, blood, or thyroid), and age (young versus older) groups
immunized with AdE7 versus AdgDE7 showed significant differences in all comparisons with P values <0.01. Comparing young versus older wt mice
immunized with either of AJE7 or AdgDE7 vaccines showed no significant age-related differences (P > 0.1). Comparing young wt to young E7-tg
mice or older wt to older E7-tg mice vaccinated with AdE7 showed significant differences (P values <0.002). Conducting the same comparison for
AdgDE7-vaccinated mice showed for young wt and E7-tg mice significant differences in blood (P < 0.006) but not spleen (P = 0.2), while older wt
versus older E7-tg mice showed significant differences in blood and spleens (for both, P < 6E-5). n.d. - not done.

fraction of circulating and tumor-infiltrating E7-specific CD8™
T cells either produced factors other than those we tested for or
had lost functions.

To test whether vaccination affected tumor-infiltrating Treg
cells, numbers of CD4+tCD25%FoxP3* cells within the thyroid
glands were determined (Figure 2b). In unvaccinated tumor-
bearing E7-tg mice, substantial numbers of infiltrating CD4*
cells stained positive for FoxP3 and most of those (~90%) were
also positive for CD25. Early after immunization with either of
the two vaccines numbers of CD4TCD25%7FoxP3* cells within
the thyroid decreased (Figure 2b). Such a decrease was not seen
in blood or spleen (not shown) suggesting that the decrease in
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CD41CD25%FoxP3™ cells may have depended on the presence
of antigen. Frequencies of CD41CD25%FoxP3* cells eventually
increased again in thyroids of AdgDE7- or AdE7-immunized
mice albeit with a delay in the latter. Overall differences in num-
bers of Treg cells comparing lymphocyte samples from spleens,
blood (not shown), and thyroids of naive to vaccinated E7-tg
mice were subtle and results did not indicate that vaccination sup-
ported their expansion. It has previously been shown that ratios
of TA-specific CD8" T cells to Treg cells rather than absolute Treg
cell numbers are predictive for the speed of cancer progression.2*?!
Ratios for E7-Tet"CD8* T cells over CD4TCD25%FoxP3™ T cells
were significantly higher in thyroids of AdgDE7 as compared
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Figure 2 Kinetics of vaccine-induced CD8" T and regulatory T cells (Treg) cells. Analyses were carried out using cells isolated from spleen,
blood and thyroid glands of older E7-tg mice intramuscularly immunized with Ad vectors carrying either E7 (black squares) or gDE7 (open squares).
(@) Frequencies of E7-tet"CD44"s"CD8* were determined from lymphocytes isolated from spleen, blood, and thyroid glands. Bottom graph shows
numbers of E7-tettCD44"9CD8 cells isolated from thyroid glands. (b) FoxP37CD25%CD4™ cells were isolated from thyroid glands of AdE7 (black
squares) or AdgDE7 (open squares) mice. Top graph shows numbers of FoxP37CD257CD4" cells isolated from individual thyroid glands; middle
graph shows ratios of E7-Tet"CD8™ T cells over CD4TCD25% FoxP3* cells. Day O reflects data gained from unvaccinated age-matched E7-tg mice.

to AdE7-vaccinated mice with peaks around day 28 and then
gradually decreased till day 172 when ratios became comparable
between the two cohorts.

Expansion of E7-specific CD8* T cells upon

repeated immunization

The marked and early contraction of E7-specific CD8' T cells
in thyroids and the delayed contraction in blood and spleen
observed in AdgDE7-vaccinated mice by E7-tet staining could
reflect removal of antigen upon destruction of E7t tumor cells
or alternatively could indicate loss of CD8*" T cells due to the
immunosuppressive microenvironment of the tumor that affected
their ability to expand and instead induced their death. To assess
whether E7-specific CD8' T cells were able to expand, tumor-
bearing E7-tg mice were primed with AdE7 or AdgDE7. Some of
the mice were boosted 2 months later with an AdgDE7 vector. To
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avoid reduction of recall responses by neutralizing antibodies to
the Ad vaccine, mice were primed with vectors based on human
serotype 5 Ad, they were boosted with a serologically distinct vec-
tor based on chimpanzee serotype 68 Ad; additional E7-tg mice
only received the 2nd vaccine. Frequencies of E7-specific CD8*
T cells were tested 14 days later from spleen, blood, and thyroid
glands by tetramer (Figure 3a) or ICS (Figure 3b). In spleen, the
staining booster immunization resulted in a significant increase
in frequencies of E7-specific CD8' T cells compared to those
achieved in mice that received only the 1st or 2nd vaccine, sug-
gesting that E7-specific CD8F T cells were able to expand. In
blood and thyroids, AdgDE7 booster immunization failed to
increase frequencies of E7-specific CD8™ T cells of mice that had
been primed with the serologically distinct Ad vector expressing
the same antigen. The same trends were seen upon measuring fre-
quencies by ICS for IFN-y, IL-2 and TNF-o. (Figure 3b).
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Functionality of E7-specific CD8* T cells

To further compare the functions of E7-specific CD8* T lympho-
cytes, those from young and older wt and E7-tg mice were ana-
lyzed 14 days after vaccination for cytokine production profiles
in response to the E7 peptide (Figure 4a,b). In young wt mice,
AdE7 and AdgDE7 immunization induced E7-specific CD8
T cells that produced IFN-y and TNF-o. or IFN-y only; a small
fraction produced all three cytokines. In spleens of older wt mice
and young or older E7-tg mice, CD8* T cells producing IFN-y
only dominated the response. The same profile was seen in thy-
roid-infiltrating specific CD8* T cell from mice immunized with
the AdgDE?7 vaccine; upon AdE7 immunization those from young
E7-tg mice produced only IFN-y while those from older mice pro-
duced IFN-y in combination with IL-2.

To assess whether the cytokine profile changed over time in
tumor-bearing E7-tg mice, IFN-v, IL-2, and TNF-o production
was analyzed on day 172 following immunization. At the later
time point, the response in spleens was less dominated by CD8*
T cells producing only IFN-y and in mice that had received the
AdgDE7 vaccine nearly half of the splenic CD8% T cells pro-
duced IFN-y together with TNF-c in response to the E7 peptide.
In mice immunized with AdE7, a sizable fraction produced only
TNF-a. Differences between the cohorts were more pronounced
for E7-specific CD8* T cells isolated from thyroid glands. Those
from mice immunized with AdE7 produced mainly TNF-o. alone
or in combination with IFN-y or IL-2; CD8" T cells that produced
IFN-vonly presented less than a quarter of the overall populations.

Molecular Therapy vol. 19 no. 9 sep. 2011

In mice that had received the AdgDE7 vaccine, IFN-y-producing
CD8™ T cells were more common. As in spleens, a sizable fraction
of E7-specific CD8* T cells from thyroids produced both IFN-y
and TNF-o. Unlike in spleens, in thyroid glands a fraction of
CD8* T cells produced only IL-2 and about a quarter of the CD8*
T cells produced only TNE-o. Overall, these results show dynamic
changes in cytokine profiles over time and indicate that although
numbers of CD8* T cell markedly declined over time in tumor-
bearing E7-tg mice, this was not linked to a loss of cytokine pro-
duction by those that remained. Furthermore, of interest was the
observation that while early after AdgDE7 vaccination cytokine
production profiles of tumor-infiltrating E7-specific CD8" T cells
largely mirrored those of cells isolated from spleen, patterns
became markedly different at the later time point.

Phenotypes of E7-specific CD8* T cells

To determine whether blockade of the HVEM pathways affects
differentiation of vaccine-induced CD8™ T cells, their phenotypes
were analyzed from naive CD44°*CD8* T cells and E7-tettCD8*
T cells from spleens and thyroid glands of E7-tg mice immunized
14 days previously with the Ad vectors. There were no marked dif-
ferences in expression levels of activation markers (CD44, CD62L,
and CD127) or coinhibitory markers (PD-1, CD160, CTLA-4,
BTLA) on E7-tettCD8™ T cells from the spleens of young or older
wt or E7-tg mice (data not shown). Differences in expression lev-
els of BTLA and PD-1 were mainly seen in the thyroids of tumor-
bearing older E7-tg mice. To test whether phenotypes changed
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over time in these mice, E7-tet"CD8™ T cells were analyzed from
spleens and thyroids of tumor-bearing E7-tg mice on days 7, 14,
28, 88, and 172 following vaccination with AdE7 or AdgDE7
for expression levels of BTLA and PD-1 (Figure 5). On day 7,
E7-tet"CD8* T cells from spleens and thyroid expressed BTLA at
slightly and PD-1 at markedly higher levels as compared to naive
CD8" T cells as would be expected early after their activation.
By day 14, expression levels of BTLA declined on E7-tet"CD8™
T cells from spleen and thyroids of AdgDE7-vaccinated mice,
while those of AdE7-induced CD8%1 T cells stayed high. PD-1
levels decreased to those on naive T cells in both tissues and in
both vaccine groups. On day 28 after immunization, BTLA levels
remained low on E7-tet"CD8™ T cells from spleens and thyroids
of AdgDE7-vaccinated mice but increased in those from mice that
had received the AdE7 vaccine. PD-1 remained low on cells from
spleens but was markedly increased on E7-tettCD8* T cells from
thyroids of AdE7-immune mice and to a lesser degree on those
from AdgDE7-vaccinated mice. By day 88 after vaccination, BTLA
remained low on AdgDE7-induced splenic E7-tettCD8* T cells
and levels were slightly higher on those from AdE7-immunized
mice. Expression of BTLA was markedly higher on E7-tet"CD8™*
T cells from thyroids than on naive CD8* T cells. PD-1 was mark-
edly increased on E7-tettCD8* T cells in spleens and thyroids of
mice receiving either of the vaccines. By day 172 after vaccination,
the pattern of BTLA expression remained constant compared to
day 88. PD-1 expression appeared to decrease on thyroid-infiltrat-
ing E7-specific CD8™ T cells although they continued to express
higher levels of PD-1 than naive T cells isolated from the same
tissue. Overall, increases of coinhibitors, especially PD-1, suggest
that vaccine-induced E7-tet"CD8™ T cells may become rapidly
susceptible to suppressive signals in tumor-bearing mice and
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Figure 5 Phenotypes of vaccine-induced E7-specific CD8+ T cells. Older E7-tg mice were immunized with Ad vectors carrying either E7 (blue lines)
or gDE7 (red lines). Lymphocytes from spleens and thyroids were isolated 7, 14, 28, 88, and 172 days later, stained with antibodies to CD8, CD44,
BTLA and PD-1, and the E7-tetramer. Tet"CD44"CD8* T cells were analyzed for expression of PD-1 or BTLA in comparison to tet"CD44"°*CD8™ cells
from naive mice (green). For each time point, spleens from five individual animals and 1 or 2 pools of lymphocytes from thyroids were analyzed. Data
were then concatenated by Flow]o to generate the histograms. BTLA, B- and T-lymphocyte attenuator.
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Figure 6 Effect of vaccination on tumor progression. Older E7-tg mice were immunized with Ad vectors carrying either E7 or gDE7. Naive age-
matched E7-tg animals and AdgD-immunized mice were used as controls. The weight of thyroids of age-matched C57BI/6 mice was determined to
provide a reference. (a) Weights of the thyroid gland from each individual E7-tg mouse 2 weeks, 1, 3, and 6 months days after immunization with
AdE7 or AdgDE?7 are shown. Two months after priming some AdE7- and AdgDE7-immunized mice were boosted with an AdgDE7 vaccine based on
chimpanzee serotype 68. (b) Sections of thyroid glands from naive or vaccinated E7-tg mice or wt mice were analyzed by microscopy (3 months after
immunization). Thyroid gland sections from one representative mouse of the most pertinent groups are shown at 2x (top panels) and 10x (bottom
panels) magnification. Bar = 1 mm (top panels) and 200 um (bottom panels).

this is not prevented but rather delayed upon vaccine-mediated
blockade of the HVEM-BTLA/CD160 pathways.

Efficacy of vaccination

To determine whether vaccination affected tumor progres-
sion, older E7-tg mice were vaccinated once with AdE7, AdgD,
AdgDE?7, or nothing and the weights of their thyroid glands were
measured 2 weeks, 1, 3, and 6 months later (Figure 6a). Other
groups were primed with AdgDE7 and then boosted with a heter-
ologous Ad vector 2 months later. Weights of their thyroid glands
were measured 3 or 6 months after the 1st immunization (i.e., 1 or
4 months after the boost). Weights of thyroid glands isolated from
the different groups of E7-tg mice were comparable by 2 weeks
after vaccination and were significantly higher than those of age-
matched wt mice. By 1 month after immunization, the weights
of thyroid glands from AdgDE7-vaccinated E7-tg mice were sig-
nificantly lower than those that received AdE7, AdgD, or nothing.
Although the average weights of the thyroid glands increased by 3
months after AdgDE7 vaccination, thyroid glands from this group
continued to show a significant reduction in weight compared to
those from the other groups and 6 out of 7 mice still had thyroid
weights below 0.1 g while average weight of thyroids from con-
trol mice were 0.18 g. By 6 months, thyroid gland weights of 7 out
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of 17 of the AdgDE7-vaccinated mice remained low while those
of the other 10 mice increased. A prime boost regimen further
decreased the weight of the thyroids by 1 month after the boost
(i.e., 3 months after priming), but again at the later time point
6 out of 9 mice showed evidence of slowed tumor progression.
Reduction in thyroid gland weight in AdgDE7-vaccinated E7-tg
mice was linked to destruction of tumor cells; histological analy-
ses of thyroid glands showed pronounce lymphocytic infiltrates,
extensive fibrosis and signs of tumor cell necrosis (Figure 6b),
which was not seen in thyroids of AdE7-vaccinated or naive E7-tg
mice. An effect on metastases could not be evaluated in this model,
as the thyroid tumors only very rarely spread to other sites; from
over 300 mice tested only one of the aged E7-tg mice had a single
metastatic tumor in the lung.

DISCUSSION

Therapeutic cancer vaccines are commonly ineffective in achiev-
ing the robust expansion of functional TA-specific CD8" T cells
needed to achieve tumor regression.** This may in part relate to
immunological tolerance to those TAs that as differentiation anti-
gens are expressed during development. Alternatively the immu-
nosuppressive TME may affect CD8* T-cell functionality and
survival® or effector T-cell responses may become impaired due
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to Tregs.” Additionally, cancer vaccines have been shown to not
only expand TA-specific effector cells but also Tregs, which appear
better equipped to withstand the oxidative stress of the TME. The
net results of vaccination can be immunosuppression rather than
activation of beneficial immune responses.*® Immunotherapy
can be achieved in some types of cancers, such as melanoma, by
adoptive transfer of ex vivo expanded tumor-infiltrating lympho-
cytes or in other types of cancer by transfer of the patients’ T cells
genetic engineered to carry an chimeric T-cell receptor that binds
with high affinity to a cell-surface-expressed TA."* Either type of
in vitro-manipulated T cell has shown clinical benefit and in some
cases even achieved complete remission especially upon transfer
into myeloablated patients. Nevertheless, in many patients, includ-
ing those that receive lymphodepleting regimens, the transferred
T cells fail to engraft and hence are unable to achieve reduction
of tumor masses again stressing the detrimental effects of tumors
on adaptive TA-specific immune responses. Immunosuppression
within the TME is a multifaceted and still poorly defined process;
antigen presentation in the absence of costimulators® but rather
in the presence of coinhibitors,? presence of Treg cells* and meta-
bolic stress”” within the oxygen-deprived TME have been identi-
fied as common denominators in a variety of cancers. Attempts to
circumvent some of the immunosuppressive effects of the TME by
depletion of Tregs cells,” blockade of the PDL1/PD-1% or CD28/
CTLA-4* pathways, or adjuvanting cancer vaccines with immu-
nostimulatory moieties, such as Toll-like receptor agonists,*
costimulators of the B7 family* or cytokines,** have shown prom-
ise in supplementing cancer therapies in animal models but less so
in early clinical trials.

Our studies have focused on improving CD8* T-cell responses
to a therapeutic cancer vaccine through gD-mediated blockade of
HVEM binding to BTLA or CD160. HVEM serves as a bifunc-
tional ligand that submits costimulatory signals upon binding to
LIGHT and coinhibitor signals upon binding to BTLA or CD160.”
HSV-1 gD binds close to the BTLA/CD160 sites and thus blocks
their ligation to HVEM without affecting binding of LIGHT.”***
HSV-1 gD-mediated blockade of the coinhibitory HVEM interac-
tions changes HVEM into an exclusively costimulatory molecule,
which results in enhanced adaptive immune responses. As we had
shown previously with the transplantable TC-1 tumor model, Ad
vectors'> or DNA™ vaccines expressing E7 fused into gD induce
potent CD8™ T-cell responses that are able to prevent tumor for-
mation and even affect tumor regression if immunizations are
given shortly after the injection of tumor cells. As shown here,
this augmentation requires expression of HVEM as it was not
observed in HVEM-KO mice. Of equal importance to cancer is
our subsequent finding that a viral antigen expressed within gD
significantly enhances CD8* T-cell responses not only in young
but also in very old mice'® suggesting that blockade of this path-
way could at least in part overcome immunosenescence, which is
crucial for active immunotherapy of cancer, a disease that most
commonly affects the elderly.

To assess whether blockade of the HVEM pathway could induce
regression of slowly progressing tumors in an animal model, we here
tested Ad vectors expressing only E7 or E7 within gD in mice that
due to expression of E7 under a thyroid-specific promoter develop
papillary thyroid adenocarcinomas. Similarly, mice expressing E7
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together with E6 have been used previously to study the therapeu-
tic benefits of Listeria-based vaccines to E7. In this model, Listeria-
induced E7-specific CD8" T-cell responses were markedly lower
in E7/E6-tg mice than in wt mice, the T-cell receptor affinity to
E7 appeared to be reduced, and decreases in tumor progression
were only seen upon multiple immunizations given before tumor
development.'®'” Similarly an Ad vector expressing only E7 that
we had shown previously to protect against tumor formation in
the TC-1 model* neither induced robust E7-specific CD8*1 T-cell
responses nor provided clinical benefit to tumor-bearing E7-tg
mice. In contrast, the vaccine expressing E7 within gD induced high
frequencies of E7-specific CD8" T cells and achieved initial reduc-
tion in tumor size in all of the vaccinated mice and in ~60% of mice
lack of tumor progression was observed for up to 6 months. The
AdgDE7 vaccine not only induced higher frequencies of E7-specific
CD8™ T cells than the AdE7 vaccine, but also T cells that within the
tumor environment had a distinct cytokine production profile and
phenotypes compared to those induced by AdE7 with the former
showing a delay in upregulation of BTLA, which can provide a tar-
get for Tregs" and PD-1, a marker for T-cell exhaustion.”? Whether
these differences were caused by the initial activation of T cell in
the presence of the HVEM antagonist or were secondary due to dif-
ferences in tumor burden due to increased numbers of E7-specific
CD8* T cells in AdgDE7-vaccinated mice remains to be investi-
gated in more depth in adoptive transfer studies.

Although the AdgDE7 vaccine induced high-frequency
E7-specific CD8* T-cell responses and initial reduction in tumor
burden in all mice tested, the caveat should be pointed out that the
response was not sustained and 1 out of 7 and 8 out of 13 of the vac-
cinated mice showed evidence of renewed tumor progression after
3 and 6 months, respectively. Although a 2nd immunization with a
serological distinct Ad vector initially further reduced tumor bur-
den, the effect of the boost was also transient and 3 out of 9 mice
that received two immunizations also showed tumor progression
at 4 months after the 2nd immunization. Additional studies will be
needed to further elucidate the mechanism that in the end in spite
of an impressive initial reduction in tumor size in AdgDE7 vacci-
nated E7-tg mice allowed for a gradual decline of vaccine-induced
E7-specific CD8* T cells, which was especially pronounced within
the tumor-bearing thyroids. We saw no evidence for increases
in FoxP3tCD25"CD4% T-cell frequencies or numbers upon Ad
vector immunization, which may in part relate to peculiarities of
this particular vaccine platform as Ad vectors induce very strong
innate cytokine responses such as IL-6,” which has been shown
previously to disfavor Treg cell induction.”® Alternatively or in
addition, HVEM is also one of the effector molecules on Treg cells
and its blockade may have prevented vaccine-induced expansion
of Treg cells. We did observe in thyroids of AdgDE7 vaccinated
mice over time an increase of an atypical CD4" population that
expressed high levels of FoxP3 but lacked expression of CD25
(data not shown), a molecule that is thought essential for Treg
cells with their high demands for IL-2. Unlike thyroid-infiltrat-
ing FoxP3tCD257CD4* Treg cells, FoxP3TCD25CD4" cells,
described previously in chronic infectious human diseases™ were
also observed albeit at lower frequencies in the thyroids of naive
E7-tg mice but their phenotypes were modulated in mice that were
vaccinated with reduced expression levels of PD-1, CD160, and
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HVEM. Whether these cells are indeed suppressive and contrib-
uted to the decline of vaccine-induced E7-specific CD8" T cells
remains to be investigated in more depth.

Opverall, data presented here conclusively show that a vaccine
that expresses a TA within HSV-1gD unlike a traditional vaccine
that only expresses the TA induces a robust TA-specific CD8"
T-cell response that achieves tumor regression in a tg mouse
model with slowly progressing thyroid gland tumors. This sug-
gests that vaccines that not only aim to provide antigen in the
context of an immunostimulatory carrier, such as an Ad vector,
but also concomitantly target coinhibitory pathways may be one
avenue to render active cancer immunotherapy more efficacious.
Incorporation of antagonists into the vaccine rather than their sys-
temic application has the added advantage that effects are expected
to be limited thus lessening the risk of unwanted global side effects
caused by disruption of key immunoregulatory pathways.

MATERIALS AND METHODS

Construction of recombinant Ad vectors. The gDE7 gene was constructed
by fusion of the HPV-16 E7, E6, and E5 genes into a complementary DNA
encoding HSV-1 gD as described.”? To construct Ad vectors, genes were
inserted into a pShuttle vector behind a cytomegalovirus promoter. The
expression cassette was then cloned into the E1 domain of a molecular
clone of El-deleted Ad viruses from human serotype 5 or chimpanzee
serotype 68.° Recombinant Ad vectors were rescued and propagated on
HEK 293 cells, and purified by CsCl-gradient centrifugation and titrated
as described.*

Animals and immunization. Young C57Bl/6 mice were purchased
from Charles River Laboratories (Boston, MA). E7-tg mice have been
described previously."® The plasmid used to create E7-tg mice (kindly pro-
vided by Dr C. Ledent, Université Libre de Bruxelles) contains the bovine
thyroglobulin promoter for selective high expression in thyrocytes,**
a rabbit B-intron, the E7 gene, and a polyadenylation signal. C57Bl/6
founder mice were produced by the University of Pennsylvania School of
Medicine Transgenic Facility and mated to wt C57BL/6 mice. The prog-
eny was back-crossed and screened for homozygosity. HVEM-KO mice
were described previously.* Mice were vaccinated intramuscularly with
a total of 5 x 10'° virus particles of Ad vector given into the tibialis ante-
rior muscle of each hindlimb. Mice were housed at the Animal Facility
of the Wistar Institute and all procedures used approved institutional
protocols.

Isolation of lymphocytes. Peripheral blood mononuclear cells and spleens
were harvested as described." Thyroid-infiltrating lymphocytes were
harvested upon treatment of tissue fragments with 2mg/ml collagenase
P (Roche, Indianapolis, IN) and 1 mg/ml DNase I (Invitrogen, Carlsbad,
CA). After 15 min, the thyroid glands were homogenized, filtrated through
a 70-mm cell strainer and purified by Percoll-gradient centrifugation.

ICS. Intracellular IFN-y, IL-2, and TNF-o staining was carried out upon
stimulation with the E7-specific RAHYNIVTF peptide as described;" the
SIINFEKL peptide (Alpha Diagnostic International) was used as a con-
trol peptide. Cells were stained with AmCyan fluorescent reactive dye
(Invitrogen) and anti-mouse CD8-PerCP-Cy5.5 and upon being permea-
bilized with anti-mouse IFN-y-FITC, IL-2-APC, and TNF-0.-PECy7 (all
from BD Biosciences, San Jose, CA). Cells were washed twice, fixed with
BD Stabilizing Fixative (BD Biosciences), and then analyzed by FACS
using LSRIT (BD Biosciences) and DiVa software. Flow cytometric acqui-
sition and analysis of samples was performed on at least 300,000 events.
Postacquisition analyses were performed with FlowJo (TreeStar, Ashland,
OR). Data shown on graphs represent values of E7 peptide-stimulated cells
from which control peptide values have been subtracted. Polyfunctionality
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pie-chart graphs were generated using SPICE software (NTH, Bethesda,
MD). Single color controls used CompBeads Anti-Mouse Igk (BD
Biosciences) were used for compensation.

Tetramer and lymphocyte marker staining. Lymphocytes were stained
with APC-labeled major histocompatibility complex class I E7 peptide
(RAHYNIVTF) tetramers (E7-tet, MHC Tetramer Core Facility, Emory
University, Atlanta, GA), AmCyan fluorescent reactive dye (Invitrogen), anti-
CDB8a-PerCPCy5.5, or CD8-PE-Texas Red (Invitrogen), CD44-Alexa700,
CD62L-FITC, BTLA-PE (eBioscience, San Diego, CA), PD-1-PECy7,
CD4-PerCPCy5.5, CD25-APC, FoxP3-PacificBlue, and CTLA-4-FITC.
For FoxP3 and CTLA-4 intracellular staining, cells were permeabilized and
then stained. Unless otherwise noted, antibodies were purchased from BD
Biosciences. Cells were fixed and analyzed as described for ICS. To ensure
that HVEM-KO mice lacked HVEM expression, peripheral blood mono-
nuclear cells were incubated with a live cell AmCyan fluorescent reactive
dye (Invitrogen) and fluorochrome-labeled antibodies to CD3 (labeled with
APC) and HVEM (labeled with PE; both BD, Biosciences) and analyzed as
described above.

Thyroid gland weight and histopathology analysis. Thyroid glands from
each mouse were excised and weighted. They were fixed in 10% neutral-
buffered formalin for 24 hours, embedded in paraffin wax, cut at 5pum, and
stained with hematoxylin and eosin. All sections were screened by a board-
certified veterinary pathologist for lymphocyte accumulation in the stroma
within neoplastic lobules, lymphocytes surrounding neoplastic lobules,
necrosis of neoplastic cells and lymphocytes in neoplastic acini including
colloid, fibrous connective tissue proliferation (scarring) at sites where neo-
plastic lobules were considered to have been effaced by an acquired immune
response, and lymphocytes within the fibrous connective tissue.

Statistical analysis. Experiments were conducted repeatedly using 3-14
mice per group. Results show the means + SD. Significances between two
groups or more than two groups were analyzed, respectively, by one-tailed
Student’s ¢-test or one-way analysis of variance. P values that showed sig-
nificant differences are shown in the graphs. The other groups were not
significantly different from the controls.
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