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Tumor protein D52 (D52) is constitutively expressed in healthy tissues and overexpressed in multiple cancers, including
(but not limited to) breast, prostate and ovarian carcinomas. Although the normal functions of D52 are unknown, it is
clear that increased D52 expression levels not only stimulate cell proliferation and metastasis, but also correlate with
poor prognosis in a subset of breast cancer patients. The murine orthologs of D52 (mD52) shares 86% identity with
its human counterpart (hD52) and mirrors hD52 expression patterns. The forced overexpression of mD52 induces
anchorage-independent growth in vitro and promotes tumor formation as well as spontaneous metastasis in vivo. We
have previously reported that the intramuscular administration of recombinant mD52 elicits immune responses capable
of rejecting a challenge with tumor cells and preventing spontaneous metastasis only in 50% of mice. We hypothesized
that mechanisms of peripheral tolerance dampen immune responses against mD52, thus limiting the protective effects
of vaccination. To test this hypothesis, mice were depleted of CD25* regulatory T cells (Tregs) and subcutaneously
immunized with mD52 prior to a tumor challenge. The subcutaneous immunization failed to induce protective antitumor
immunity unless accompanied by Treg depletion, which resulted in a rate of protection of 70% as compared with < 10%
achieved in immunized Treg-repleted mice. The depletion of CD25* Tregs did not inhibit the induction of immunological
memory, since mice rejected a second tumor challenge administered weeks later. These data indicate that the induction
of antitumor immune responses and immunologic memory by an mD52-based subcutaneous vaccination requires the

depletion of CD25* Tregs.

Introduction

Human and murine tumor protein D52 (TP52, hereafter referred
to as D52) are expressed at detectable levels in multiple normal
tissues and cells.”™* The human D52 gene family’ comprises
four distinct genes, D52 or PRLZ®” D53 or TPD52L1,>* D54 or
TPD52L2°" and D55 or TPD52L3." Importantly, human D52
(hD52), was found to be overexpressed in a wide range of can-
cers.>”12717 Studies suggest that AD52 encodes a marker or regula-
tor of cancer cell proliferation,’ supporting the notion that the
expression of D52 may be important for initiating or maintaining
a tumorigenic and/or metastatic phenotype. In this respect, we
have previously demonstrated that the knockdown of hD52 in
human cancer cells limits cell proliferation and stimulates apop-
tosis. In addition, D52 overexpression was found to be associated
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with a poor overall survival of human breast carcinoma patients,
suggesting a strong potential for the therapeutic targeting of D52
functions in cancer.’

The cloning of the murine ortholog of D52 (mD52), which
is approximately 86% identical to hD52 at the amino acid level,
has proven critical for preclinical studies on D52 functions. We
evaluated the effect of increased mD52 expression on non-trans-
formed cells using contact-inhibited murine NIH-3T3 fibro-
blasts' transfected with the full-length mD52-coding cDNA.
mD52 overexpression was confirmed by RT-PCR and immu-
noblotting. mD52-transformed NIH-3T3 (3T3.mD52) cells
exhibited a 2-fold increase in growth rate, lost contact inhibi-
tion, displayed marked morphological alterations and acquired
the ability for anchorage-independent cell growth. Importantly,
3T3.mD52 cells formed tumors when injected s.c. into naive,
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immunocompetent syngeneic mice. Remarkably, when the lungs
from 3T3.mD52 tumor-bearing mice were analyzed, numerous
neoplastic nodules were observed, demonstrating the ability of
these cells to spontaneously metastasize.

We have previously demonstrated that the administration of
recombinant mD52 i.m. together with CpG oligonucleotides
(ODNs) confers a partial protection to mice against a subse-
quent challenge with tumor cells.! We have also reported that
the vaccination of transgenic adenocarcinoma of the mouse pros-
tate (TRAMP) mice with an mD52-coding DNA induces an
immune response that promotes tumor rejection. T-cell cytokine
secretion patterns indicated thata T 1 cellular immune response
was involved in tumor rejection in these models.”"” Mirshahidi
and colleagues reported an mD52-overlapping peptide vaccine
to be partially effective in a murine breast cancer model.?® Taken
together, these preclinical vaccine studies demonstrate that mD52
is immunogenic in murine tumor models. However, the levels
of protection achieved in these settings were never maximal. To
further explore the immunogenicity of recombinant mD52 as an
anticancer vaccine and attempt to increase its therapeutic poten-
tial, we sought to alter adjuvant and injection route.

In the present study, mice were immunized s.c. with recombi-
nant mD52 admixed with CpG ODNs as a water in oil emulsion
in incomplete Freund’s adjuvant (IFA). Contrary to our previous
studies, simply switching the adjuvant from alum to IFA and the
route from i.m. to s.c. failed to protect > 10% mice from a chal-
lenge with tumor cells. In order to generate immune response
that were indeed capable of protecting mice against tumor chal-
lenges, this vaccine had to be accompanied by the modulation of
regulatory T cells (Tregs). This was accomplished by the anti-
body-mediated depletion of CD25* T cells in vivo.

Results

Treg depletion enhances the protective effects of subcutane-
ous mD52 vaccination. We have previously reported that the
intramuscular administration of recombinant mD52 admixed
with CpG ODNss in alum protects approximately 50% of mice
from a challenge with mKSA tumor cells, whereas CpG ODNG
in alum, recombinant mD52 in alum or alum alone all failed to
protect mice from a tumor challenge.! In an attempt to increase
the efficacy of this mD52-based vaccines and inspired by the
results of several preclinical and clinical studies, we were inter-
ested in studying the subcutaneous route of vaccination and oil
in water as an adjuvant in this model. Keeping parameters the
same with the exception of administration route and adjuvant,
we immunized mice s.c. with recombinant mD52 admixed with
CpG ODN:s in IFA (Fig. 1A), followed by a challenge with
tumor cells. To our surprise, this approach was not as effective
at protecting mice from the tumor challenge as in our previous
study. In fact, immunizing animals s.c. in IFA failed to protect
the majority of mice from tumor development. We hypothesized
that this lack of protection could be due to a robust induction
of Tregs by subcutaneous Langerhans cells (a subset of dendritic
cells, DCs), which perhaps are more efficient at doing so than
DC:s activated by intramuscular injections.
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To assess the role of Tregs in suppressing mD52-induced
immunity, mice were immunized and depleted of CD25* T cells
with specific monoclonal antibodies prior to the tumor challenge
(Fig. 1A). CD4*CD25* Tregs were reduced to nearly 50% in mice
receiving anti-CD25 antibodies as compared with mock-depleted
animals (Fig. 1B). None of immunized and mock-depleted mice
were capable of rejecting a challenge with mKSA cells (Fig. 2A).
Conversely, 70% (7/10) of immunized mice that were also
depleted of CD25* Treg cells rejected such a tumor challenge
(Fig. 2B). In line with our previous results, mice immunized with
recombinant mD52 in IFA (in the absence of CpG ODN) failed
to reject a challenge with mKSA cells (data not shown). To study
immunological memory and the duration of vaccine-induced
immune responses, mice immunized and depleted of CD25* Treg
cells that survived the first tcumor challenge were inoculated with
mKSA tumor cells s.c., in the opposite flank, approximately 100
d later. All mice (7/7) that were protected from the primary chal-
lenge also failed to develop tumors in response to the secondary
challenge, with a follow-up time of 91 d (Fig. 2C). These data
demonstrate that the subcutaneous administration of recombi-
nant mD52 and CpG ODNss in IFA alone fail to protect mice
from a tumor challenge, unless immunization is accompanied by
an at least partial depletion (50%) of CD4*CD25* Tregs.

Induction of cytotoxic T cells following subcutaneous vacci-
nation with mD52. Given that mD52 is an intracellular protein,
it was of interest to determine if MHC class I-restricted cyto-
toxic T lymphocytes (CTLs) would be induced by vaccination,
and thus be involved in the rejection of tumor challenges. To
this aim, splenocytes were harvested from immunized mice and
analyzed for their tumor-specific cytotoxic activity. Effector cells
generated by a 5-7 d mixed lymphocyte tumor culture (MLTC)
with mKSA cells were demonstrated to be a relatively even mix
of CD4* and CD8* T cells by flow cytometry (data not shown).
Targets consisted of syngeneic MHC class I-matched 3T3.mD52
tumor cells, mKSA tumor cells (the same used for tumor chal-
lenges) and allogeneic MHC class I-mismatched TRAMP-C2
tumor cells. The natural killer (NK) cell-specific target cell line
Yac-1 was also tested but not lysed, suggesting the absence of NK
cells (data not shown). We have previously reported that 3T3.
mD52, mKSA and TRAMP-C2 cells all overexpress mD52 as
compared with normal cells of the same type.!

CTLs generated from mice immunized s.c. with mD52 and
CpG ODNs in IFA and challenged with mKSA cells demon-
strated tumor cell-specific cytotoxic activity (Fig. 3). Both
mKSA cells (H-2KY) and MHC Class-I matched (H-2K9)
mD52-expressing 3T3.mD52 cells were lysed by CTLs (approxi-
mately by 40-60% and 20-50%, respectively, for an effector-
to-target cell ratio of 12:1). Conversely, the specific lytic activity
of CTLs against TRAMP-C2 cells, which lack matched MHC
class I molecules, and MHC class I-matched non-transformed
NIH-3T3 cells failed to exceed the lower limit of detection of
our assay (Fig. 3). Although tumor-specific CTLs were detected
in immunized mice, irrespective of whether they were depleted or
not of CD25* Tregs, the extent of specific lysis by CTLs obtained
from Treg-depleted animals was 50-75% higher than that by
CTLs isolated from mock-depleted mice (Fig. 3A and B). Taken
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Figure 1. Immunization and regulatory T-cell depletion. (A) BALB/c mice were immunized s.c. four times every 10-14 d with recombinant mD52
(rmD52) admixed with the CpG oligodeoxynucleotide (ODN) 1826 in incomplete Freund'’s adjuvant (IFA). Animals were challenged s.c. with 5 x 10°
live, syngeneic mKSA tumor cells approximately 14 d after the final immunization. Animals surviving this challenge were re-challenged 103 d later

with 5 X 10° mKSA tumor cells, administered s.c. to the opposite flank. To deplete CD25* cells, a CD25-specific antibody (PC-61) was administered i.p.
with the first (200-300 g per mouse) and fourth immunization (400 p.g per mouse). Irrelevant IgGs (mock depletion) were used to provide appropri-
ate control conditions. (B) Peripheral blood lymphocytes (PBLs) were collected from BALB/c mice immunized and challenged as described above 7 d
following the 4th immunization. Lymphocytes from animals in the same experimental group were pooled (n = 10 animals per pooled sample) and

stained with anti-CD4-FITC and anti-CD25-PE antibodies. Representative dot plots from two repeated experiments are shown.

together, these data suggest that CTLs generated by a subcuta-
neous vaccine combined with Treg depletion were either more
potent and/or more abundant than those elicited by vaccination
alone. Most importantly, only immunized mice concomitantly
subjected to Treg depletion rejected tumor challenges.

Cytokine profile induced by Treg depletion and subcutane-
ous vaccination with mD52. As stated above, mD52 is expressed
as an intracellular protein by tumor cells. Thus, it was important
to determine what type of immune responses were induced in
mice that were immunized by a subcutaneous mD52-targeting
vaccine combined with Treg depletion and rejected primary and
secondary tumor challenges. As we established that the vaccina-
tion with mD52 induced tumor-specific CTLs (Fig. 3), it was
interesting to determine if the mD52 vaccine combined with
Treg depletion would induce a T|,1 immune response supporting
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CTL generation. Splenocytes were harvested from mice that sur-
vived both two tumor challenges upon vaccination with mD52
and Treg depletion and cultured with irradiated mKSA cells for
5-7 d in MLTCs. Thereafter, splenocytes were isolated by means
of Lympholyte-M® density separation medium and incubated
in vitro with irradiated tumor cells for additional 24 h. Finally,
supernatants were collected and assayed for the presence of cyto-
kines representing T ,1, T,,2 and T ;17 cellular immune responses
using a Multi-Analyte ELISArray (Fig. 4). Of the 12 cytokines
tested, only interleukin (IL)-10, IL-13 and interferon (IFN)y were
detected in homotypic T-cell cultures (Fig. 4A), while tumor cells
cultured alone secreted undetectable levels of all cytokines tested
(Fig. 4B and C). IL-6, IL-10, IL-13 and IFNvy were detected in
the supernatants of T cells cultured with irrelevant control targets
(Fig. 4D) or mKSA tumor cells (Fig. 4E). However, the amount

€25049-3



>

Mock depleted

Tumor volume mm?3
8 8 8 8 8 8

o

:20R

Day Post Primary Challenge

900

Tumor volume mm?
g 2 8 3

[
w
o

o M~ = = o W
- NN M

CD25* T cell depleted

Day Post Secondary Challenge

CD25* T cell depleted
N=10

o = 00 w1 ~NO S m © M~ = = = o T M~ NN
- = NMmom O WK~ O - M < W ~
. L B B R B

Day Post Primary Challenge

—> By05

Secondary challenge

gquﬂhqﬂ
g N W M~ M~ 00 O

are representative of two repeated experiments.

Figure 2. Tumor growth in BALB/c mice immunized with recombinant mD52 protein and challenged with mKSA tumor cells. (A-C) BALB/c mice were
immunized four times, depleted of CD25* cells and challenged with tumor cells as described in Figure 1A. (A) Tumor growth following immunization,
mock depletion with irrelevant IgGs and primary tumor challenge. (B) Tumor growth following immunization, CD25* cell depletion with anti-CD25

antibodies (PC-61) and primary tumor challenge. (C) Tumor growth in mice surviving the primary tumor challenge and re-challenged 103 d later. Data

of cytokines secreted by T cells exposed to irrelevant targets was
very low (Fig. 4D), presumably constituting a baseline secretion
from T cells. Though neither of the prototypical T ;2 cytokines
IL-4 nor IL-5 was detected, the small of amount of IL-6 and IL-13
produced suggests that T2 cells may be activated in this setting.
This is not surprising given the nature (soluble whole protein) and
administration route of the vaccine. In line with this notion, we
have previously described the generation of anti-mD52 antibod-
ies in response to immunization with recombinant mD52." T ;17
cytokines were not detected, nor were they found previously in
this vaccine model.*”” The dominant cytokine produced by T cells
exposed to relevant tumor cells (Fig. 4E) was IFNy, with IL-6 and
IL-10 representing the only other cyokines detected at increased
levels as compared with control conditions. These findings sup-
port the notion that a T,;1 cellular response dominates in immu-
nized and Treg-depleted mice. Since these data were obtained with
a cytokine array, it was interesting to quantitatively assess the con-
centrations of induced cytokines. This was accomplished using
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specific cytokine capture ELISAs. We assayed supernatants from
T cells cultured as described above for IFNv, IL-4, IL-10, IL-17
and transforming growth factor 1 (TGFB1) using this method.
Only IL-10 and IFNy were produced by MHC Class-I-restricted
T cells, as summarized in Table 1. These data suggest that neither
a T2 nor a T 17 immune response was elicited by vaccination
and played a role in tumor protection. This finding was not sur-
prising, given that we detected tumor-specific CTL responses as
a result of mD52 vaccination combined Treg depletion (Fig. 3).
The amount of IFNy produced upon 24 h of cell culture was sig-
nificantly increased when T cells were exposed to relevant, rather
than to control, targets (Fig. 5A). The amount of IFNy produced
by T cells cultured with (antigen negative, MHC class I-matched)
NIH-3T3 cells (Fig. 5A) and (antigen positive, MHC class
I-mismatched) TRAMP-C2 cells (data not shown) was negligible.
These data indicate that tumor cell-specific CD8* CTL responses
develop in immunized mice that are concurrently depleted of
CD25" Tregs. This was confirmed by the ability of H-2%-specific
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monoclonal antibodies to significantly inhibit the production of
IFNy by T cells co-cultured for 24 h with mKSA target cells
(p < 0.05) (Fig. 5A). Conversely, control anti-H-2* monoclonal
antibodies failed to inhibit IFN7y production by T cells cultured
with mKSA cells (data not shown). Taken together, these data
suggest that mD52 vaccination combined with Treg deple-
tion induces antigen-specific, MHC class I-restricted cellular
immune responses that mediate efficient tumor protection.

The T cells that were elicited by mD52 immunization plus
Treg depletion also produced IL-10 (Fig. 5B). However, the
amount of IL-10 was about 3-fold lower than that of IFNy. This
suggests that IFNvy plays a dominant role in tumor protection,
as in survivor mice the vaccine combined to Treg depletion was
sufficient to induce immune responses capable of rejecting a fur-
ther tumor challenge. Similar to IFNvy-producing T cells, IL-10-
producing T cells were MHC Class-I restricted in all five animals
tested in this respect, suggesting that CD8" Tregs are responsible
for the lack of complete protection in mice that were immu-
nized and depleted of CD4*CD25* Tregs (Fig. 5B). However,
the inhibition of IFN7y production by H-2¢-specific monoclonal
antibodies reached a statistically significant levels only in 2/5
animals tested (Fig. 5A). This may be due to the presence of
IFNv-producing CD4* T cells. Since the efficiency of CD25*
Treg depletion was assessed on pooled lymphocytes (Fig. 1B),
it was not possible to evaluate cytokine production in cells from
vaccinated mice that failed to reject the primary tumor chal-
lenge. It is possible that immunized mice failing to reject the first
tumor challenge were not efficiently depleted of CD25* Tregs,
resulting in a lack of protection. It is also tempting to speculate
that production of IL-10 observed in MHC class I-restricted
T cells from protected mice might have been higher in non-pro-
tected animals, pointing to the dominance of CD8* Tregs. Of
note, both T cells and tumor cells cultured alone failed to secrete
detectable levels of IFNy and IL-10 (Fig. 5A and B).

Prevention of spontaneous lung metastases by subcutane-
ous mD52 vaccination and Treg depletion. We have previously
reported that 3T3.mD52 tumor cells spontaneously metastasize
to the lungs following subcutaneous inoculation, forming lethal
tumor burdens.?! Further, we have demonstrated that the intra-
muscular administration of recombinant mD52 admixed with
CpG ODN:s in alum efficiently prevents the metastatic spread of
3T3.mD52 cells.' Since mKSA tumor cells do not spontaneously
metastasize, we employed the 3T3.mD52 tumor cell model also
in this study. To determine whether subcutaneous mD52 immu-
nization combined with Treg depletion was capable of preventing
lethal lung metastases, mice were immunized as described above
and challenged s.c. with a dose of 3T3.mD52 tumor cells that
results in rapid tumor growth at the injection site. The enumeration
of pulmonary tumor nodules was then performed in the lungs of
mice bearing subcutaneous tumors with a surface area > 0.25 cm?
(days 42-50 post-inoculation), upon staining with an India ink
solution. Similar to previous findings with mKSA tumor cells, the
administration of the mD52-targeting vaccine in the absence of
Treg depletion failed to prevent the growth of 3T3.mD52 tumor
cells in the majority of mice. Conversely, ~40% of mice that were
immunized and concomitantly depleted of Tregs failed to develop
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Figure 3. Cytotoxic T-lymphocyte responses following immunization and
tumor challenge. (A and B) Bar graph showing specific lysis at two effec-
tor-to-target cell (E:T) ratios (12:1) and (6:1), respectively. BALB/c-derived
mD52-expressing mKSA cells were used for the in vivo challenge. BALB/c-
derived mD52-expressing 3T3.mD52 cells were engineered to overex-
press mD52 and served as a positive control target. C57BI/6-derived
mD52-expressing TRAMP-C2 cells served as an MHC class I-mismatched
target. (A) Specific lysis of tumor cells by T cells from CD25* cell-depleted
mice. (B) Specific lysis of tumor cells by T cells from mock-depleted mice.
NIH-3T3 cells were used as a normal MHC class I-matched cell type in both
(A and B, insets). Data are reported as means + SEM of triplicates assess-
ments and are representative of two repeated experiments. Statistical
significance was determined using one-way ANOVA and Tukey-Kramer
multiple comparisons post-hoc test.
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tumors upon the inoculation of 3T3.mD52 cells (data not shown).
We were not interested in employing the 3T3.mD52 model to
assess protection from primary tumor growth, but specifically to
determine the efficacy of our vaccination protocol against spon-
taneous lung metastasis. The subcutaneous mD52 immunization
combined with Treg depletion completely prevented spontaneous
lung metastases, an effect that was not seen in control immunized
mice or in Treg-competent mD52-immunized mice (Fig. 6).
These data indicate that a vaccine based on recombinant mD52
and CpG ODNs administered s.c. as an oil in water emulsion in
IFA may require Treg depletion to efficiently prevent spontaneous
lethal lung metastases.

Discussion

D52 is an intracellular protein expressed by normal cells and
tissues with an hitherto undefined function. D52 is naturally
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Figure 4. T-cell cytokine production profile. (A-E) Mice were were immunized four times, depleted of CD25* cells and challenged with tumor cells as
described in Figure 1A. Lymphocytes were isolated from harvested splenocytes and cultured for 24 h with or without tumor cell targets, after which
supernatants were harvested and assayed at a 1:5 dilution for cytokines using an ELISA-based array kit specific for murine T,1/T,2/T 17 cells. (A) T cells
alone. (B) TRAMP-C2 tumor cells alone. (C) mKSA tumor cells alone. (D) T cells plus TRAMP-C2 tumor cells. (E) T cells plus mKSA tumor cells.

Table 1. Cytokine production of T cells upon immunization, regulatory
T cell depletion and challenge with tumor cells*

Vaccine approach
Cytokine

] mD52+0ODN mD52+ODN  MHC-I mAB blocking
production
mock deplete  CD25 deplete

IL-4 negative negative not done

IL-17 negative negative not done

TGF-B1 negative negative not done
IL-10 positive positive yes
IFN-vy positive positive yes

*As measured by cytokine-specific standard antigen capture ELISAs in
the supernatants of lymphocytes harvested from mice that were immu-
nized as indicated and survived both primary and secondary tumor chal-
lenges, cultured with relevant tumor cell targets. Data are representative
of two repeated experiments. IFNv, interferon ; IL, interleukin; TGF@1,
transforming growth factor 31; negative, below lower detection limit

of the assay (applies also to tumor cells alone, T cells alone and T cells
exposed to control cell targets; positive, values within the linear range of
the standard curve for the indicated cytokine. See also Figure 5.

overexpressed by numerous human and murine tumors. In
murine tumor models, mD52 represents a bona fide overex-
pressed self-tumor-associated antigen (TAA). In addition, we
have previously demonstrated not only that D52 is involved in
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increased cell proliferation and tumor progression to metastasis,
but also that high expression levels of D52 are associated with
poor prognosis in breast cancer patients.>*' We believe that these
characteristics of D52 make it an ideal target for prophylactic or
therapeutic anticancer vaccination.

Recently, the National Cancer Institute sponsored a pilot proj-
ect to prioritize cancer vaccine target antigens for translational
research. The study involved the development of a set of nine
“ideal” criteria for TAAs, with therapeutic function, immunoge-
nicity and a role in oncogenesis/tumor progression deemed as the
most important.”* From a representative list of antigens, overex-
pressed self-TAAs stand out as the group with the largest num-
ber of candidate targets for immunotherapy. It is arguable that
tumor-specific antigens represent “ideal” targets for active immu-
notherapy. Nevertheless, most cancer antigens that have been
identified to date constitute self-proteins.?® This class of antigens
is generated by the re-expression of developmental/embryonic
genes that are normally silenced in adult tissues (e.g., CEA),* by
the production of normal proteins with abnormal sugar moieties
(e.g., MUCI),% by the expression of tissue-specific differentiation
antigens (e.g., multiple melanoma-associated antigens)*® or by the
overexpression of self-proteins (e.g., ERBB2/HER2, hTERT, sur-
vivin).?-® Of these common examples, only ERBB2/HER2 can
be classified as an overexpressed self-TAA with a role in oncogen-
esis and tumor progression. These properties have been proposed
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Figure 5. Production of interferon -y and interleukin-10 by T cells following efficient immunization. (A and B) Results of a standard antigen capture
ELISA measuring either interferon -y (IFN<y) (A) or interleukin-10 (IL-10) (B) production in the supernatants of lymphocytes harvested from mice that
were immunized with recombinant mD52 plus CpG oligodeoxynucleotides in incomplete Freund'’s adjuvant (IFA), and survived both primary and sec-
ondary tumor challenges with mKSA tumor cells. Data are presented as pg cytokine per mL supernatant (upon 1:5 dilution) per 24 h, for T cells alone,
tumor cells alone or T cells cultured in the presence of (i) MHC class I-matched (mD52*) mKSA, (mD52*) 3T3.mD52 cells as well as parent NIH-3T3 cells,
as an MHC class I-matched antigen-negative control; or MHC class I-mismatched TRAMP-C2 tumor cells, as a negative control (data not shown). To con-
firm MHC class | restriction, T cells were cultured with mKSA cells in the presence of monoclonal antibodies specific for H-2¢ (T cells + mKSA + MHC-|
mADb). Data were analyzed using one-way ANOVA with Bonferoni multiple comparison post-hoc test. *'p < 0.05 between alike samples, demonstrating
reduced IFNy production in the presence of MHC class I-blocking antibodies. Numbers in both (A and B) refer to individual mice.

to be important characteristics for the next generation of cancer
vaccine target antigens.”? D52 is similar to hTERT and survivin
in that it is associated with a wide range of cancers including (but
not limited to) breast, prostate and ovarian cancers.?® In addition,
D52 exhibits oncogenic functions similar to ERBB2/HER2.3!
In the study described herein, we examined the role of the
immunization site in immune responses to murine tumor cells
that endogenously overexpress D52 (mKSA cells) as elicited
by recombinant mD52 administered s.c. We have previously
reported that mD52 administered i.m. together with CpG ODNs
induces a cellular immune response capable of protecting 50% of
mice from a challenge with mKSA cells.! We hypothesized that
this partial level of protection may be due to the intramuscular
route being less efficient than the subcutaneous one at inducing
potent antitumor immunity. To address this issue, we immunized
mice s.c. with recombinant mD52 admixed with CpG ODNs
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in IFA. Following four immunizations, animals were chal-
lenged s.c. with a tumorigenic dose of syngeneic mKSA tumor
cells and tumor growth was monitored (Fig. 1A). Surprisingly,
< 10% of immunized mice were protected from the tumor chal-
lenge (Fig. 2A). This result was rather unexpected as the sub-
cutaneous route is generally accepted as one of the most potent
administration routes for vaccines against microbial pathogens,
and as the majority of clinical trials currently testing antican-
cer vaccines are based on some TAA in oil and water emulsion
administered s.c. In light of this finding, we postulated that Treg
modulation might be needed to achieve a protection from tumor
challenge upon the administration of vaccines s.c. This hypoth-
esis was based on the fact that D52 is a self-protein expressed
by normal cells and tissues, although overexpressed by tumor
cells.”?! To address this issue, we immunized mice along with
the intraperitoneal injection of anti-mouse CD25 monoclonal
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control

CpG ODN

mD52 protein

mD52 protein + CpG ODN

mock depleted CD25 depleted

Figure 6. Spontaneous 3T3.mD52 lung metastases following immunization and CD25* cell cell deple-
tion. (A and B) Representative lungs from 10 BALB/c mice following immunization, CD25* cell depletion
(as described in Fig. 1A) and a subcutaneous challenge with 1 x 10° 3T3.mD52 tumor cells. Lungs were
harvested when the primary tumors reached a surface area of approximately 1 cm?. (A) From left to
right: lungs from a naive mouse; a control immunized mouse (incomplete Freund’s adjuvant, IFA, only),
following a tumor challenge; a control immunized mouse (CpG oligodeoxynucleotides in IFA), following

(B) From left to right: lungs from mice immunized with recombinant mD52 plus CpG oligodeoxynucleo-
tides in IFA and treated with irrelevant IgGs, following a tumor challenge; lungs from mice immunized
with recombinant mD52 plus CpG oligodeoxynucleotides in IFA and depleted of CD25* cells, following a

a tumor challenge and a mouse immunized with recombinant mD52 in IFA, following a tumor challenge.

of protective antitumor immunity
by our s.c. vaccine only upon the
concomitant depletion of Tregs.
Though the role of DCs was not
directly assessed in this study, it may
be important to address this point
for future studies on anticancer vac-
cines, especially in light of the results
or recent clinical trials based on the
subcutaneous administration route.
Importantly, our subcutane-
induce
CTL
responses irrespective of Treg deple-
tion, although Treg depletion did

result in CTL responses that were

ous vaccine was able to

measurable  tumor-specific

as much as 2-fold greater in magni-
tude (Fig. 3A and B). In addition,
Treg depletion was clearly needed
for our vaccine to induce protec-
tive antitumor immune responses.
In addition, our vaccine combined
with Treg depletion efficiently pre-
vented metastases was evaluated in
a spontaneous lung metastasis model
(Fig. 6). In addition to examining
tumor-specific killing by CTLs from

tumor challenge. Each set of lungs is representative of two repeated experiments.

protected (immunized and Treg-

antibodies (Fig. 1A and B). The combination of the subcutane-
ous mD52-targeting vaccine and CD25* Treg depletion resulted
in a dramatic increase in the rate of tumor protection to nearly
70% of mice (Fig. 2B). Importantly, the protection generated
by subcutaneous vaccination combined with Treg modulation
resulted in durable immune responses, as demonstrated by the
100% rate of rejection of a secondary challenge with mKSA cells
given more than 3 mo after the rejection of the primary challenge
(Fig. 2C). These findings are corroborated by published data
demonstrating that the administration of anti-CD25 monoclonal
antibodies efficiently depletes Tregs, hence enhancing primary
immune responses as well as the development of immunological
memory.”** The increase in the efficacy and duration of vaccine-
elicited immune response, which was largely dependent on Treg
depletion, was therefore not surprising. However, the complete
lack of efficacy that ensued the shift from the intramuscular
(50% protection rate)' to the subcutaneous route without Treg
depletion (< 10% protection rate) was surprising. This may reflect
differences in the type of antigen-presenting cells residing in (or
being attracted to) the deep muscle vs. the epidermis/dermis. It
is accepted that epidermal DCs exist in a naive state as compared
with DCs from other anatomical sites. This may impart a quali-
tative difference in their ability to prime T cells against poorly
immunogenic self-proteins like D52. In contrast, subcutaneous
DCs may be more effective at eliciting Tregs to dampen immune
responses against self-proteins, perhaps explaining the induction
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depleted) mice, we studied cyto-
kine production by T cells using a
multi-analyte ELISArray for mouse T, 1/T 2/T 17 cells. We
found that only 4 out of 12 cytokines tested were produced by
T cells from protected animals, including IFNvy, IL-10, IL-6 and
IL-13 (Fig. 4). We confirmed these observations with cytokine-
specific ELISAs (Fig. 5; Table 1). Most importantly, we demon-
strated that both IFN+y and IL-10 were only produced by T cells
exposed in response to syngeneic, antigen-positive tumor cells.
The production of IL-10 was significantly blocked by anti-MHC
class I monoclonal antibodies by T cells from all five animals
tested in this respect, while IFNvy secretion was significantly
blocked in 2/5 samples (Fig. 5A and B). The suboptimal inhi-
bition of cytokine production by anti-MHC class I monoclonal
antibodies was likely due to the presence of cytokine-producing
CD4"* T cells. The production of IFNy was expected, demonstrat-
ing that a T, ;1 cellular response dominated in this scenario. The
fact that anti-MHC class I monoclonal antibodies could block
IL-10 production indicates that CD8* MHC class I-restricted
antigen-specific T cells are present and are likely involved in the
suppression of vaccine-induced antitumor immune responses
via IL-10 production. We have previously reported that mD52
expression by tumor cells is associated with an increased secre-
tion of TGF-B1,%" and it is widely accepted that TGF-B1 induces
Tregs that may dampen immune responses to self-antigens.
mD52 is a selFTAA and mD52-expressing tumors secrete TGF-
B1. These facts support the notion that IL-10 is involved in sup-
pressing vaccine-induced immune responses and may (at least
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part) explain the lack of complete protection (Fig. 2A). Though
not tested here, it is tempting to speculate that the amount of
IL-10 may have been greater than that of IFNvy in vaccinated
mice that eventually developed tumors. Others have reported on
an under-studied CD8* subset of Tregs in autoimmunity,” infec-
tious disease®® and cancer.” However, unlike for CD4* Tregs, a
consensus is lacking on the phenotype and mechanism of action
of these cells, which have been proposed to be CD25*FOXP3*
cells,®® CD122*IL-10* cells,*®#* Qa-1-restricted cells® as well as
unspecific cells.*” Consequently, there is a gap in the knowledge
about CD8* Tregs and their negative effects on cancer immu-
notherapy. Future studies on this immunosuppressive cell type
may help to understand how CD8* Tregs inhibit vaccine-induced
immune responses targeting overexpressed sel-TAAs like D52.
It is possible, however, that this CD8* T-cell population might
constitute a unique subset of IL-10 secreting effector cells.*’ This
possibility will have to be considered in future studies.

Here, we determined whether the subcutaneous route of immu-
nization would increase antitumor immune responses as induced
by vaccination with a recombinant TAA, mD52. Contrary to our
previous results in intramuscular vaccination settings, switching
the adjuvant from alum to IFA and the route from intramuscular
to subcutaneous failed to protect mice from a tumor challenge.
To generate immune responses capable of protecting mice against
tumor challenges, subcutaneous mD52-targeting vaccination had
to be combined with the depletion of CD25* T cells. Importantly,
CD25* Treg depletion did not interfere with the development of
immunological memory in this context. Furthermore, this com-
bination therapy revealed the presence of a population of IL-10-
producing CD8* T cells that may be involved in suppressing
vaccine-induced antitumor immunity. This finding is unique to
our prophylactic model, as opposed to therapeutic models that
clearly demonstrate that the tumor microenvironment plays an
active immunosuppressive role through the activation of multiple
cell types. The vaccine-mediated immunosuppression that we
observed in response to recombinant mD52 (as a model of overex-
pressed selTAA) involved CD25* Tregs and perhaps CD8" regu-
latory cells. This occurred prior to tumor exposure, precluding
any influence from the tumor microenvironment. In this light,
our study represents a model to induce immune responses against
a selfF-TAA. Our results could prove useful for solving problems
related to weak immune responses elicited by vaccines against
overexpressed selFTAAs and for leading the design of new anti-
cancer vaccines against this large and understudied group of can-
didate immunotherapeutic targets.

Materials and Methods

Mice and tumor cells. Female, 6- to 8-week-old BALB/c mice
were purchased from Charles River Laboratories. All animals
were cared for and treated according to Institutional Animal Care
and Use Committee guidelines at Texas Tech University Health
Sciences Center. The tumorigenic BALB/c 3T3.mD52 cell line*!
and the tumorigenic SV40-transformed BALB/c murine kidney
mKSA cell line were used for tumor challenge following immu-
nization procedures. C57BL/6 TRAMP-C2 tumor cells were
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used as MHC class I-mismatched, mD52-expressing controls in
immunological assays. mKSA and 3T3.mD52 cells were cultured
in RPMI 1640 medium (Fisher Scientific) supplemented with
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine,
250 ng/mL fungizone, 50 IU/mL penicillin, 50 pg/mL strepto-
mycin, 50 pg/mL gentamicin sulfate and 10 mM HEPES buffer.
TRAMP-C2 cells were cultured as previously reported.*
Recombinant mD52 purification. The B-PER GST Fusion
Protein Purification kit (Thermo Scientific) was used to affin-
ity purify a recombinant mD52-glutathion S transferase (GST)
fusion protein, according to manufacturer’s instructions and our
previously published methods.! This method yields a purified
protein that is free of bacterial contamination including lipopoly-
saccharide. Briefly, a 250 mL culture of recombinant Escherichia
coli expressing mD52-GST fusion protein was grown to log phase
and protein expression induced with 100 mM isopropylthio-
B-D-galactoside (IPTG). Cells were harvested and lysed in
B-PER 1 X protease inhibitor cocktail (Thermo Scientific) 250 U
benzonase (Novagen) and the mD52 fusion protein was puri-
fied using supplied pre-packed, disposable columns, according to
the manufacturer’s instructions. The eluted protein was dialyzed
for two 30-min cycles in PBS at room temperature. Following
a final overnight dialysis in PBS, the protein was concentrated
using aquacide (Calbiochem, EMD Biosciences). Protein con-
centration was determined by BCA analysis, according to the
manufacturer’s instructions (Sigma Aldrich). Protein purity was
assessed by SDS-PAGE and Coomassie Brilliant blue staining or
silver staining, as well as by immunoblotting based on an anti-
TPD52 polyclonal antibody (generated by immunizing rabbits
with the N-terminal, carrier-conjugated peptide GCA YKK TSE
TLS QAG QKA S; italic letters represents the region of TPD52
that is identical in humans and mice) (BioSynthesis, Inc.).
Immunization, Treg depletion and tumor challenge.
Individual mice were immunized via subcutaneous injection
every 10-14 d with 50 pg of recombinant mD52 admixed with
50 g of the CpG ODN 1826 (TCCATG ACG TTC CTG ACG
TT)® in incomplete IFA as an oil in water emulsion, for a total of
four injections. CpG ODN' s in IFA or IFA alone served as control
immunizations. To deplete CD25* cells, mice were injected i.p.
with approximately 200-300 pg anti-CD25 monoclonal anti-
bodies in 200 wL PBS on day 0, and again on day 35, follow-
ing the fourth and final immunization, with 400 pg anti-CD25
monoclonal antibodies in 200 wL PBS. As a control condition,
mock depletion was performed with a similar amount of isotype-
matched IgGs injected i.p. on day 0 and day 35. Mice in all groups
were bled from the dorsal tail vein prior to each immunization.
Two weeks after the final immunization, mice were challenged
with 5 x 10° mKSA tumor cells. For spontaneous lung metasta-
sis studies, mice were challenged with 1 x 10° 3T3.mD52 tumor
cells. Tumor cells were harvested, counted and re-suspended in
PBS and 100 pL of viable cell suspension were injected subcuta-
neously in the right flank of each mouse for the primary tumor
challenge. The same procedure was used for the secondary tumor
challenge, which was administered to the left (opposite) flank.
Tumor size was determined by taking perpendicular measure-
ments with common calipers every 2 to 3 d, and tumor volume
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(mm?®) was calculated using the following formula: (A x B?)/2,
where B is the smaller of the two measurements.

Analysis of CTL-mediated tumor cell lysis. T cells were iso-
lated from the spleens of immunized mice that survived tumor
challenge and subjected to standard CTL cytotoxicity assays.
CTLs were generated by culturing splenocytes in the presence of
irradiated mKSA tumor cells in the presence of 10 ng/mL IL-2,
5 ng/mL IL-7 and 5 ng/mL IL-12 at 37°C for 5-7 d. Specificity
was evaluated by mixing various amounts of CTLs with a con-
stant number (5 x 10° cells) of target cells in 96-well round
bottom plates. Specific lysis was determined using a Europium
time-resolved, fluorescence-based, 2-h method, and measured
using a Victor3™ plate reader (Perkin Elmer). Percent lysis was
calculated as % specific lysis = 1 - (E - S)/(M - S) x 100, where
E represents Eu release in the presence of effector cells, S is spon-
taneous Eu release in medium alone and M represents maximum
Eu released in lysis buffer.

T-cell culture and ELISAs for cytokine production. T cells
were obtained from the spleen of mD52-immunized by gradi-
ent separation and stimulated in vitro by culture with irradiated
mKSA tumor cells in the presence of 10 ng/mL IL-2, 5 ng/mL
IL-7 and 5 ng/mL IL-12 at 37°C for 5-7 d. After 24 h, super-
natants were harvested from T cells (1 x 10° cells/mL in 200 wL
medium in 96-well plates) cultured alone or together with various
targets (1:1 ratio): mKSA cells (H-2¢, mD52*) used for challenge;
TRAMP-C1 and TRAMP-C2 tumor cells (both H-2°, mD52*),
which served as control MHC class I-mismatched targets. To con-
firm MHC class I-restricted tumor recognition, blocking assays
were performed by incubating mKSA tumor cells with anti-H-
24 or anti-H-2 (negative control) monoclonal antibodies prior to
incubation with T cells, as previously described.”” The assessment
of cytokine secretion by tumor-specific T cells was performed by
applying culture supernatants to commercially available sandwich
ELISAs specific for IFNy, IL-4, IL-10 and IL-17 (R&D Systems)
or to commercially available Multi-Analyte ELISArray specific for
mouse T, 1/T2/T 17 cells (SABiosciences), as per the manu-
facturer’s instructions. Assays were analyzed using the Victor3™
plate reader (Perkin Elmer). Standard curves to determine the
concentration of IFNvy, IL-4, IL-10 and IL-17 were generated
based on provided internal controls.

Flow cytometry. For the determination of CD25* cell
depletion, BALB/c mice were immunized and challenged
as described above. Seven days after the final immunization,
peripheral blood mononuclear cells (PBMCs) were collected
by tail vein bleed, and lymphocytes were isolated using the
Lympholyte-M® density separation medium (Cedarlane Labs).
Lymphocytes from animals in the same experimental group
were pooled (n = 10 per pooled sample) and stained with 1 pg
of anti-CD4-FITC and anti-CD25-PE monoclonal antibodies
(BD Bioscience) per 1 x 10° cells. Antibodies were purchased
from). Cells were fixed in 1% paraformaldehyde at 4°C for
1 h and then analyzed by flow cytometry using an LSRII flow
cytometer (BD Bioscience).

Enumeration of 3T3.mD52 spontaneous lung metastases.
The analysis of 3T3.mD52 metastatic spread was performed by
removing the lungs of animals following euthanasia and injecting
the lungs with India ink to visualize individual tumor nodules.?
Briefly, an India ink solution was injected through the trachea
and allowed to fill the lungs. The lungs were then placed in
Fekete’s solution for de-staining. Tumor nodules do not absorb
the India ink, which results in the normal lung tissue staining
black with tumor nodules remaining white. Tumor nodules were
counted blindly and size was noted by three individuals (JDB,
HNS, RKB).

Statistical analyses. ELISA data were analyzed using one-way
ANOVA with Bonferroni multiple comparison post-hoc test.
CTL cytotoxicity data were analyzed using one-way ANOVA
with Tukey—Kramer post-hoc test. In both cases, p values < 0.05
were considered as statistically significant (GraphPad Prism 5.0).
When required, tumor challenge data were analyzed with a
Student’s t-test to determine whether significant differences
existed between mean tumor volumes in mD52-immunized vs.
control immunized mice.
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