Cancer Immunol Immunother (2012) 61:1917-1927
DOI 10.1007/s00262-012-1250-4

ORIGINAL ARTICLE

Annexin-V promotes anti-tumor immunity and inhibits

neuroblastoma growth in vivo

Xiaocai Yan - Kara Doffek - Chaobo Yin -
Michael Krein - Michael Phillips - Sonia L. Sugg -
Bryon Johnson - Joel Shilyansky

Received: 21 May 2011/ Accepted: 21 March 2012 /Published online: 5 April 2012

© Springer-Verlag 2012

Abstract The goal of the current study is to determine
the effects of blocking phosphatidylserine (PS) on the
growth of neuroblastoma in mice. PS, an anionic
phospholipid restricted to the cytoplasmic surface of
plasma membranes in most cells, is externalized to the
surface of apoptotic cells. PS has been shown to induce
immune tolerance to self-antigens. PS can also be found on
the surface of live cells and in particular tumor cells.
Annexin-V (AnV) is a protein that specifically binds and
blocks PS. To determine the effects of blocking PS with
AnV on tumor growth and immunogenicity, mice were
inoculated with AGN2a, a poorly immunogenic murine
neuroblastoma that expresses high level of PS on the cell
surface. Survival and anti-tumor T cell response were
determined. AGN2a were engineered to secrete AnV.
Secreted protein effectively blocked tumor PS. 40 % of
mice inoculated with AnV-expressing AGN2a cells sur-
vived free of tumor, whereas none of the mice inoculated
with control cells survived (p = 0.0062). The benefits of
AnV were lost when mice were depleted of T cells. The
findings suggest that AnV could protect mice from tumor
challenge through an immune mediated mechanism. Mice
were then immunized with irradiated AnV-secreting or
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control cells, and challenged with wild-type AGN2a cells.
AnV-secreting cell vaccine protected 80 % of mice from
AGN2a challenge, while control cell vaccine prevented
tumor growth in only 30 % of animals (p = 0.012). ELI-
SPOT analysis demonstrated that AnV-secreting cell vac-
cine induced a greater frequency of interferon-gamma
producing splenic T cells. T cells isolated from mice
immunized with AnV-secreting but not control vaccine
lysed AGN2a. In summary, AnV blocked PS, enhanced T
cell mediated tumor immunity, and inhibited tumor growth.

Keywords Phosphatidylserine - Annexin-V - T cell -
Tumor - Neuroblastoma - Tumor immunity

Introduction

The immune system has an exquisite ability to recognize
and kill tumor cells, leaving the surrounding cells unaf-
fected. Effective tumor immunity depends on the devel-
opment of an anti-tumor T-cell response [1]. Tumor
antigens are taken up, processed, and presented in the
context of major histocompatibility complex molecules to
T cells by antigen-presenting cells (APC) [2]. T cells rec-
ognizing antigen in the presence of appropriate co-stimu-
lation and the cytokine IL-12p70 proliferate and produce
interferon (IFN)-gamma [3, 4]. The presence of large
numbers of IFN-gamma-secreting, tumor-specific T cells
correlate with successful anti-tumor immunity and the
destruction of tumor [5-8]. However, tumor cells are able
to evade the immune response leading to unpredictable and
infrequent responses to cancer immunotherapy. Tumor
immune tolerance has been a major hurdle to successful
immunotherapy for cancer [9-11]. Elucidating the mech-
anisms by which tumor cells avoid immune destruction
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may lead to the development of effective and generally
applicable immune-based therapies.

Externalization of phosphatidylserine (PS) is a potential
mechanism for regulating the immune response to self-
antigens exposed during apoptosis [12-15]. PS is an
anionic phospholipid that is most commonly restricted to
the cytoplasmic surface of cell membranes. During early
apoptosis, PS is externalized to the cell surface where it can
be recognized by phagocytic cells [16, 17]. In vitro, PS has
been shown to inhibit the activation of macrophages and
the maturation of DCs [14, 18]. In vivo, PS was shown to
inhibit allogeneic immune responses and contribute to the
poor immunogenicity of apoptotic tumor cell vaccines [15,
19]. Recent studies suggest that PS is also present on the
surface of some live cells, including tumor cells [20-22].
Despite the fact that PS is an “eat me” signal, it does not
appear to promote engulfment of live tumor cells, possibly
because additional signals are required for engulfment and
because live cells express “don’t eat me signals” that
prevent engulfment. The effects of PS on tumor immunity
and on tumor growth are not well established.

The current study examined the effects of Annexin-V, a
ubiquitous cytoplasmic protein that was previously shown
to specifically bind and block PS with high affinity, on
neuroblastoma growth and the anti-tumor CD8" T cells
response in vivo [23, 24]. AGN2a is an aggressive murine
neuroblastoma that is poorly immunogenic [25, 26]. We
have found that PS is highly expressed on live AGN2a
cells. To block PS in vivo, AGN2a cells were engineered to
secrete AnV. Our findings demonstrated that AnV could
prevent AGN2a growth and promote anti-tumor T cell
immunity.

Materials and methods
Mice

A/J mice, 6-8 weeks of age, were purchased from Jackson
laboratory (Bar Harbor, ME, USA) and housed in a path-
ogen-free facility. Care was provided and experiments
conducted according to institutional guidelines and
approved protocols.

Tumor cells and Annexin-V expression

An aggressive variant of Neuro-2a, AGN2a, was derived
by sequential in vivo and in vitro passage [27]. AGN2a is
syngeneic with A/J mice. The full-length cDNA sequence
for mouse AnV was obtained from the Mammalian Gene
Collection (NIH, Bethesda, MD, USA). Forward primer
tgcagaagcttatggctacgaga and reverse primer tgcagtcta-
gatcagtcatcctc were used to amplify mouse AnV from

@ Springer

pCMV-SPORT6. The PCR product was initially cloned
into the pCR4-Blunt Topo cloning vector and then trans-
ferred to the pFLAG-CMV-3 expression vector behind the
pre-pro-trypsin (PPT) signal peptide and FLAG sequences
(Sigma, St. Louis, MO, USA) using Hind III and Xba I
restriction sites. AGNZ2a cells were transfected with
pFLAG-CMV-3 containing mouse AnV (AnV/pFLAG-
CMV-3) or with pFLAG-CMV-3 control vector (i.e.,
without the AnV gene) using nucleofection (Lonza, Basel,
Switzerland). Transfected tumor cells were selected in
1,000 pg/ml geneticin and cloned by limiting dilution. For
vaccination experiments, transiently nucleofected AGN2a
cells were cultured overnight to allow for optimal expres-
sion of AnV and irradiated with 4,000 rads immediately
prior to vaccination.

Antibodies, T-cell isolation and analysis of PS
expression

Rabbit anti-FLAG antibody and horseradish peroxidase
(HRP)-conjugated donkey anti-rabbit antibody were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). FITC-
conjugated AnV was purchased from BD Pharmingen (San
Diego, CA, USA). Antibodies against activated caspase-3
were purchased from BD Biosciences (San Diego, CA,
USA). Anti-PS antibodies were purchased from US Bio-
logical (Swampscott, MA, USA) or generously provided by
Dr. Philip Thorpe (UT Southwestern, Dallas, TX, USA).
In vivo PS staining was performed as previously reported
[28]. To induce apoptosis, cells were treated with 0.5-uM
staurosporine. Anti-CD8-conjugated beads (Miltenyi Bio-
tec, Auburn, CA, USA) were used to isolate CD8" T cells
by immunomagnetic cell sorting (AutoMACS, Miltenyi
Biotec, Auburn, CA, USA). Surface PS expression was
determined using flow cytometry (Becton—Dickinson, San
Jose, CA, USA). Tumor sections were examined using the
Zeiss 710 confocal fluorescent microscope (Carl Zeiss
Microimaging LLC, Thornwood, NY, USA).

Recombinant Annexin-V preparation

For AnV protein purification, Chinese hamster ovary
(CHO-1) cells were transfected with AnV/pFLAG-CMV-
3 and cloned to obtain a cell line permanently expressing
high levels of FLAG-AnV. The FLAG-AnV-expressing
CHO-1 cells were placed in protein and serum-free
CHO media (CHO PF-AF, Sigma, c8730) and cultured
in a Celline AD 1000 bioreactor (Integra Biosciences,
Switzerland) to obtain culture supernatants containing
high concentrations of AnV. Bioreactor-derived AnV was
further concentrated by centrifugation using Amicon
Ultra-15 protein concentrators (Millipore, Bedford, MA,
USA).
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Western blot analysis

To examine AnV levels in cell lysates and culture super-
natants of AGN2a, cells were collected 2 days after nu-
cleofection or after plating permanently transfected cells.
Culture supernatants from 10° to 10° cells or cell lysates
were fractionated by SDS polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride (PVDF)
membranes. Total protein was measured prior to loading
the gels. The membranes were incubated in blocking
solution containing 5 % nonfat dry milk in TBS containing
0.5 % Tween-20 for 1 h and then incubated with antibody
against FLAG (diluted 1:1,000) overnight at 4 °C. After
washing repeatedly with TBST, membranes were incu-
bated with secondary antibody for 2 h at room temperature.
Antibody-bound proteins were visualized using an ECL
plus Lumigen PS-3 detection reagent (Amersham Biosci-
ence, Sunnyvale, CA, USA).

Tumor growth and tumor vaccination experiments

To assess tumor cell growth in vivo, A/J mice were
injected subcutaneously with viable AnV-secreting or
control (transfected with empty vector) AGN2a cells. In
some experiments, A/J mice were depleted of T cells by
injecting them with 250 micrograms of anti-Thyl.2
monoclonal antibody intraperitoneally on the day of tumor
inoculation and every 3 days thereafter.

For tumor vaccination/challenge experiments, AGN2a
cells were nucleofected with AnV vector or control vector,
collected the next day, and irradiated with 4,000 rad. A/J
mice were injected subcutaneously with 2 x 10° of the
irradiated cells. The vaccination was repeated 7 days later,
and 1 week after the second vaccination, mice were chal-
lenged subcutaneously with viable wild-type AGN2a cells.
Tumor size was measured every 3 days, and the mice were
considered moribund and euthanized when tumor size
exceeded 250 mm?.

ELISPOT analysis

A/J mice were vaccinated twice weekly with irradiated
AGN?2a cells that had been nucleofected to express AnV or
nucleofected with control vector (as above). Five days after
the second vaccination, spleens were collected and CDS'TT
cells purified by immunomagnetic sorting (Milenyi Biotec).
The purified CD8™ T cells were analyzed by flow cytometry
to assess purity, and the isolated cells were greater than
95 % CD8™ (data not shown). To examine tumor reactivity,
the purified CD8" T cells were tested in interferon-gamma
(IFN-gamma) enzyme-linked immunospot (ELISPOT)
assays according to the manufacturer’s directions (BD
Biosciences Pharmingen). Briefly, 96-well hydrophobic

PVDF membrane plates (Millipore, Bedford, MA, USA)
were coated with IFN-gamma-specific capture antibody
overnight at 4 °C. On the following day, twofold dilutions
of purified CD8" splenocytes were added to triplicate wells
starting at a concentration of 2.5 x 10° cells per well.
AGN2a “stimulator” cells were added to experimental
wells at a concentration of 10* cells per well, and the plates
were incubated at 37 °C for 30-36 h. Following incubation,
the cells were removed from the wells, and the plates were
incubated with biotinylated detection IFN-gamma antibody
for 2 h at room temperature. After extensive washing, the
plates were incubated with ExtrAvidin-alkaline phospha-
tase (Sigma-Aldrich), and the spots developed by adding
BCIP/NBT substrate (Sigma-Aldrich). The numbers of
spots were quantitated with an ImmunoSpot Analyzer using
included acquisition and analysis software (CTL Analyzers,
LLC, Cleveland, OH, USA).

In vitro lysis assay

Spleens from mice immunized with irradiated AnV-
secreting or control AGN2a tumors were homogenized and
cultured in the presence of bone marrow derived dendritic
cells pulsed with AGN2a tumor lysate. T cells were stim-
ulated 2 times, isolated, washed, and incubated with AGN2a
or YAC targets cells in 96-well plates in triplicate. YACI is
a lymphoma cell line that is syngeneic to A/J mice. It is also
a sensitive natural killer (NK) target. Cyto Tox 96® (Pro-
mega, Madison, WI, USA) non-radioactive colorimetric
assay was used to determine cytotoxicity. Release of LDH
from lysed cells into the supernatants is measured in an
enzymatic assay that results in the conversion of tetrazolium
salt into a red formazan product. The amount of color
metabolite formed is proportional to the number of cells
lysed. Percent lysis was calculated as follows: %cytotox-
icity = experimental—effector spontaneous — target spon-
taneous/Target Maximum — Target Spontaneous.

Statistical analysis

Statistical comparisons of parametric variables were per-
formed using Student’s ¢ tests. Survival curves were com-
pared using Wilcoxon rank sum test.

Results

Viable AGN2a cells constitutively express PS
on the cell surface

We examined the level of PS on the surface of AGN2a, a

murine NB cell line. The cells were stained with FITC-
conjugated AnV and analyzed by flow cytometry. Mean
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fluorescence intensity (MFI) of stained cells was 10-30
fold greater than unstained control cells (Fig. 1a). AGN2a
cells showed a uniform staining profile suggesting that all
cells expressed PS on the cell surface. Coating AGN2a
cells with recombinant AnV blocked staining with FITC-
AnV, indicating that the staining was specific. AGN2a cells
were clearly viable despite expression of PS on the cell
surface as indicated by their ability to exponentially expand
in culture and ability to exclude trypan blue and other cell
viability dyes (not shown). To determine whether AGN2a
cells were apoptotic, caspase-3 activation was examined
using flow cytometry. Caspase-3 was activated in only 1 %
of cells, but could be activated using staurosporine treat-
ment, suggesting that while AGN2a cells were not apop-
totic, they could be induced to undergo apoptosis (Fig. 1b).
These findings indicate that live AGN2a constitutively
express PS on the cell surface.

Engineered AGN2a cells secrete functional AnV

To examine the effects of AnV on tumor growth in vivo,
AGN?2a cells were engineered to secrete AnV. The AnV
gene was cloned by PCR and inserted into the pFLAG-
CMV-3 eukaryotic vector downstream of the sequences
encoding the PPT signal peptide and FLAG peptide. The
resulting construct was used to transfect AGN2a cells.
When the cells were analyzed by Western blot, AnV
could be detected in both the cell lysates and culture
supernatants suggesting that AnV was produced and
secreted (Fig. 2a). We next examined whether the AnV
secreted by the cloned AGN2a cells was capable of
binding PS. AGN2a cells were incubated with superna-
tants derived from AGN2a or HEK293 cells transfected
with pFLAG-CMV-3. Cells were stained with AnV-FITC
and analyzed using flow cytometry. Supernatants blocked
PS and diminished AnV-FITC staining (Fig. 2b). Next,
we compared the level of PS exposed on the surface of
control and FLAG-AnV-secreting AGN2a cells by flow
cytometry. As shown in Fig. 2¢, the FLAG-AnV-secret-
ing tumor cells bound threefold less AnV-FITC than
control tumor cells. Cell surface staining using fluorescent
microscopy showed similar findings. Tumor cells were
stained with anti-PS monoclonal antibody 2aG4 (gener-
ously provided by Dr. Philip Thorpe, UT Southwestern,
Dallas, Texas). In FLAG-AnV-secreting AGN2a cells,
2aG4 binding to PS was blocked, and plasma membrane
staining with the anti-PS antibody was low compared to
control AGN2a cells (Fig. 3a). Nuclear PS was not
blocked since secreted AnV did not enter live cells, and
nuclear PS staining was similar in both AnV-secreting and
control tumor cells. Taken together with the flow
cytometry data, the findings suggest that secreted AnV
blocked cell surface PS.
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Fig. 1 Live NB cells express PS on the cell surface. a AGN2a NB
cells were stained with FITC-conjugated AnV (AnV-FITC) and
examined by flow cytometry (blue line). AGN2a cells were pre-
incubated with 0.2 micrograms/ml CHO cell-derived FLAG-AnV
(see “Materials and methods”) and then stained with AnV-FITC
(green line). The red line indicates unstained control cells. The results
are representative of at least 3 independent experiments. b AGN2a
cells are not apoptotic. AGN2a cells were examined using flow
cytometry for caspase-3 activation, a mediator of apoptosis. Only 1 %
of AGN2a cells stain for activated caspase-3 (red line). Apoptosis was
inducible with staurosporine. Staurosporine exposure for 8 (green
line) and 16 (blue line) hours led to caspase-3 activation in 11 and
26 % of AGN2a cells, respectively. The results are representative of 2
independent experiments

To determine PS expression in vivo, anti-PS antibody
2aG4 was injected intravenously into mice. Tumors were
isolated, and frozen sections examined using fluorescent
microscopy. AGN2a tumor stained brightly with anti-PS
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(2aG4) but not the isotype control (G44) antibody sug-
gesting that the staining was specific (Fig. 3b). To deter-
mine whether AnV could block PS staining in vivo, mice
were injected intravenously with FLAG—AnV an hour prior
to injecting the anti-PS antibody 2aG4. AGN2a tumor from
mice treated with exogenous FLAG-AnV stained dimly

<« Fig. 2 Engineered AGN2a cells secrete AnV, which binds and
blocks PS. AGN2a cells were engineered to constitutively secrete
AnV by transfecting them with pFLAG-CMV-3 construct containing
the FLAG-AnV cDNA sequence. a Cell lysates and culture
supernatants were examined using Western blot for AnV expression.
Anti-FLAG antibody was used to detect transgene expression.
C empty vector or wild-type control; AnV FLAG-AnV transfected;
Control sarcoma cell line. Actin was examined to control for loading
of cell lysates. To generate supernatants, tumor cells were seeded at
equal density. After 48 h, supernatants were collected, and an equal
amount of protein was loaded into each lane. The results are
representative of at least 3 independent experiments. b AGN2a cells
were stained with FITC-AnV, and surface PS was measured using
flow cytometry. In order to block PS, AGN2a cells were pre-treated
with supernatants from wild-type AGN2a (blue line), AGN2a
engineered to secreted FLAG-AnV (green line), HEK 293 cells
permanently transfected with FLAG-AnV (teal line), or HEK 293
cells transiently transfected with FLAG-AnV (orange line).
Unstained cells are depicted in red. The results are representative
of at least 3 independent experiments. ¢ Wild-type AGN2a (blue line)
cells and AGN2a cells engineered to secrete AnV (orange line) were
stained with AnV-FITC and analyzed by flow cytometry. The red and
green lines indicate unstained wild-type and AnV-secreting AGN2a
cells. The results are representative of at least 3 independent
experiments

compared to AGN2a tumor from mice treated with control
supernatant (Fig. 3c). The findings suggest that injected
FLAG-AnV bound PS and blocked staining with anti-PS
antibody 2aG4 in vivo. We then compared PS staining in
control and FLAG-AnV-secreting tumors. As shown in
Fig. 3d, FLAG-AnV-secreting AGN2a stained poorly
compared to control AGN2a. The findings indicate that
FLAG-AnV was secreted and blocked tumor PS in vivo.

AnV inhibits AGN2a growth in immunocompetent
mice

We examined the growth of subcutaneously implanted
AnV-secreting or control AGN2a cells in immunocompe-
tent A/J mice. Tumor-free survival was measured. All mice
inoculated with control cells developed tumors and none
survived (Fig. 4a). In contrast, 40 % of mice inoculated
with AnV-secreting tumor cells did not develop tumors and
survived (p = 0.0062). To determine whether an intact
T-cell immune response was required for AnV to delay or
prevent tumor growth, mice were depleted of T cells using
anti-Thy1.2 monoclonal antibody. AnV secretion did not
alter survival in mice depleted of T cells (Fig. 4b). Fur-
thermore, the growth of AnV-secreting AGN2a and control
cells was not significantly different in vitro or in immune-
deficient mice (Fig. 4c, d). The findings demonstrating that
AnV prevented the growth of neuroblastoma in immune-
competent but not immune-deficient animals suggest that
the effects of AnV are immune dependent.
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«Fig. 3 AnV binds and blocks tumor PS. a AGN2a cells grown in
vitro for 48 h were stained with anti-PS monoclonal antibody (2aG4).
The cells were examined using fluorescent microscope. Thin white
arrows point to the cytoplasm. Large open arrows point to the nuclei.
The nuclei of some cells are outlined in black. Neuroblastoma, which
are known as small blue cells, have scant cytoplasm. (i) The plasma
membrane of FLAG-AnV-secreting AGN2a cells stained poorly with
the anti-PS antibody 2aG4 since AnV blocked PS. (ii) Anti-PS
antibody 2aG4 bound PS and stained control AGN2a tumors brightly.
Similar levels of staining were seen within the nuclei, since nuclear
PS was not accessible and was not blocked by AnV in live cells.
White arrows point to the cytoplasm. Open arrows point to the
nucleus. The nucleus is outlined in black in some cells. b Mice,
bearing AGN2a tumors, were injected intravenously with anti-PS
monoclonal antibody (2aG4). Tumors were removed, frozen, and
sectioned. Sections were stained with a secondary fluorescently
labeled antibody. AGN2a is gelatinous and difficult to cut resulting in
very thick sections. (i) Fluorescent microscopy demonstrated bright
staining of control AGN2a tumor (white arrows). (ii) Only faint
staining was seen when isotype control antibody (G44) was injected
into mice (open arrow). The findings suggest that 2aG4 binding is
specific. ¢ (i) Concentrated supernatant from cells engineered to
secrete FLAG-AnV was injected into mice one hour prior to injecting
anti-PS antibody (2aG4) in order to block PS in vivo. Tumor staining
with 2aG4 was blocked with AnV, suggesting that PS was blocked in
vivo (open arrow). (ii) Control supernatant did not prevent tumor
staining with 2aG4 (white arrow). d Mice were inoculated with
FLAG-AnV-secreting or control AGN2a tumor cells. Anti-PS (2aG4)
monoclonal antibody was injected intravenously when 0.5-1 cm®
tumors developed. (i) AnV-secreting tumors stained poorly with
2aG4, suggesting that FLAG-AnV secreted by tumor cells blocked
PS in vivo (open arrows). (ii) Control tumors stained brightly with
2aG4 (white arrows), suggesting that AGN2a tumor cells expressed
PS in vivo. Representative micrographs are shown. Each pair of
micrographs was taken at the same magnification and the same
exposure

Annexin-V enhances the efficacy of cell-based tumor
vaccination and increases the frequency of IFN-
gamma-producing tumor-reactive CTL

We next tested whether AnV-secreting tumor cells could
serve as a cell-based vaccine. AGN2a cells were transiently
transfected (nucleofected) with the AnV vector. Nucleo-
fected cells secreted AnV for at least 8 days (Fig. 5a). For
vaccination, immunocompetent A/J mice were injected in
the flank (subcutaneously) twice, a week apart, with irra-
diated AnV-secreting or control tumor cells. One week
after the second vaccination, the mice were challenged
with 10* live AGN2a cells inoculated subcutaneously on
the opposite flank (Fig. 5b). The mice were followed for
tumor growth and survival. While 30 % of mice vaccinated
with control tumor cells survived the tumor challenge,
80 % of the mice vaccinated with AnV-secreting tumor
cells survived tumor-free (p = 0.012). These findings
suggest that AnV promoted more effective tumor immunity
in response to the cell-based tumor vaccine.

Tumor immunity is typically dependent upon IFN-
gamma production [29]. Therefore, the effect of FLAG-
AnV on the frequency of IFN-gamma-producing T cells

after tumor vaccination was examined. A/J mice were
vaccinated twice, a week apart, with irradiated FLAG-
AnV-secreting or control vector-transfected tumor cells.
Five days after the second vaccination, CD8" splenocytes
were isolated using immunomagnetic sorting. The purified
CD8" T cells were then tested in ELISPOT assays to
determine the frequencies of tumor-reactive, IFN-gamma-
producing CD8* T cells. As compared to mice vaccinated
with control cells, mice vaccinated with FLAG-AnV-
secreting AGN2a tumor cells had 2-4 times greater fre-
quency of IFN-gamma-producing CD8" splenic T cells
(Fig. 6a). The greater proportion of IFN-gamma-producing
CD8' T cells in the spleen directly correlated with the
increased tumor protection in these mice. The findings
suggest that vaccination in the presence of AnV led to
increase in the frequency of IFN-gamma-producing T cells
and protected mice from AGNZ2a tumor challenge.

We next tested the tumor reactivity of the T-cell response
to vaccination. Splenic T cells were isolated from mice
immunized with FLAG-AnV-secreting or control AGN2a
tumor cells and stimulated in vitro with bone marrow derived
DCs pulsed with AGN2a tumor cell lysate. In vitro lysis of
AGN2a and YAC cells was assayed (Fig. 6b). T cells from
mice immunized with FLAG-AnV-secreting cells lysed
AGN?2a significantly better than T cells from mice immu-
nized with control AGN2a cells, which is consistent with the
ELISPOT findings. T cells isolated from mice immunized
with AnV-secreting cells also lysed AGN2a significantly
better than YAC cells. YAC are derived from H-2* mice and
are syngeneic with AGN2a, as well as susceptible to NK cell
lysis. The finding suggests that tumor killing was antigen-
specific, and immunization with AnV-secreting tumor cells
produced tumor-specific T cells.

Discussion

Immune evasion by cancer is a major hurdle to successful
immunotherapy [11, 30-33]. A possible mechanism for
immune evasion is tumor cells masquerading as apoptotic
cells by expressing PS [34]. While PS externalization is
commonly associated with apoptosis, recent studies dem-
onstrated that tumors as well as non-neoplastic cells
express PS on the cell surface. These include human neu-
roblastoma and mouse soft tissue sarcoma cells (our
unpublished results) as well as gastric carcinoma, colon
carcinoma, lymphoma, and proliferating T lymphocytes [2,
20-22, 37-39]. In the current study, we demonstrated that
PS was highly expressed on the surface of live AGN2a
cells, an aggressive mouse neuroblastoma [35].

We examined the effects of blocking PS with the AnV
on tumor growth. To block PS in vivo, AGN2a cells were
engineered to secrete mouse AnV. Secreted FLAG-AnV
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Fig. 4 Blocking PS in vivo can prevent the growth of AGN2a in
immunocompetent but not T-cell-depleted mice. a Inmunocompetent
A/J mice (n = 15) or b A/J mice depleted of T cells using anti-Thy1.2
monoclonal antibody (n = 12) were subcutaneously inoculated with
10* AGN2a cells engineered to permanently secrete FLAG-AnV
(AnV-NB) or AGN2a cells transfected with control vector (Control).

blocked PS in vitro and in vivo. In vitro, FLAG-AnV-
secreting AGN2a cells had threefold less PS exposed on
the cell surface. In vivo, FLAG-AnV-secreting AGN2a
tumors had lower levels of staining with the anti-PS anti-
body 2aG4. Western blot analysis demonstrated that
FLAG-AnV-secreting AGN2a tumors continued to express
AnV in vivo for at least 4 weeks (data not shown). These
findings suggest that AnV expression persisted in vivo and
secreted FLAG-AnV blocked PS.

We found that animals inoculated with FLAG-AnV-
secreting AGN2a cells had significantly better survival
than those inoculated with control AGN2a cells. The sal-
utary effect of AnV was limited to immune-competent and
not T-cell-depleted mice. In the absence of effective T-cell
immunity, AnV did not affect tumor growth. Furthermore,
mice immunized with irradiated FLAG-AnV-secreting
AGN2a cell-based vaccine were protected against tumor
challenge, whereas control vaccine was significantly less
effective. FLAG-AnV-secreting AGN2a cell vaccine led to
a higher frequency of tumor-reactive splenic CD8" T cells
compared with control vaccine. CD8* T cells isolated from
mice treated with AnV-secreting vaccine and expanded ex

@ Springer

C 20
= | M Control
S 16| CJAnV-NB
X
o 12
g ]
c |
S 8
2 ]
8 4 | ﬂ
Nl mE ‘ ‘
1 2 3 4
Time (days)
D
300 - Control
-+ AnV

0 10 20 30
Time (Days)

Tumor-free survival was determined. The survival curves were
generated from the combined results of 2 replicate experiments.
¢ AnV-NB (white) and control (black) cell growth was determined in
vitro in triplicate wells. d A/J] mice were treated with Thyl.2 to
deplete T cells. AnV-secreting (AnV) and control (control) AGN2a
tumor growth was determined (n = 5 per group)

vivo lysed AGN2a cells better than YAC cells, which are
syngeneic to AGN2a as well as sensitive NK cell targets.
These findings support the hypothesis that blocking PS
with AnV-retarded tumor growth by restoring tumor-spe-
cific T-cell-mediated immunity. We did not rule out the
possibility that NK cell activity is also enhanced in the
presence of AnV.

Beck et al. reported that blocking PS in vivo with an
anti-PS antibody, in conjunction with tumor irradiation,
can retard tumor growth in mice [40, 41]. In that model, the
tumor cells did not constitutively express PS on the cell
surface, but radiation treatment induced apoptosis leading
to PS expression. In the current study, neuroblastoma cells
expressed PS on the cell surface. Secreted FLAG-AnV
blocked PS in vivo, promoted anti-tumor CD8" T-cell
immunity, and prevented tumor growth in vivo indepen-
dently of other interventions. Taken together with previous
reports, these findings suggest that tumor PS, either con-
stitutively expressed or induced, promotes immune toler-
ance and could be targeted for cancer immunotherapy. In
future studies, we will test the effects of blocking PS with
AnV in a treatment model of established tumors.
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The mechanism by which PS promotes tumor immunity
is not well described. PS may regulate CD8" T-cell med-
iated tumor immunity by inhibiting antigen presentation,
co-stimulation, and inflammation. Previous in vivo studies
suggested that PS inhibits IL-12 production by APC [38].
More recent reports demonstrated that PS inhibited DC
maturation and activation of Thl response [14]. PS may
also inhibit local inflammation by promoting TGF-beta and
preventing TNF-alpha production by macrophages [13, 18,
42]. These mechanisms could act synergistically to subvert
tumor immunity and promote tumor growth. APCs recog-
nize PS through a receptor(s) that has not been conclu-
sively defined to date [39]. Recent studies suggest that T

<« Fig. 5 Blocking PS in vivo increased the efficacy of tumor vaccination.

a AGN2a cells were nucleofected (TT) with either empty vector (C) or
FLAG-AnV (AnV) vector. Forty-eight hours after nucleofection, cell
lysates and supernatants were prepared and analyzed by Western blot.
Permanently transfected (PT) cells were used as controls. Anti-FLAG
was used to detect transgene expression. Actin staining, shown in the
middle panel, was used as loading control in the lysate lanes. Total
protein was quantified, and equal amount of protein was loaded into each
lane. AnV was secreted for at least 8 days after nucleofection with
FLAG-AnV (AnV), as shown in the lower panel. Production or
secretion of AnV was never detected in empty vector (C) group. AGN2a
cells were nucleofected with empty vector (C) control or and FLAG-
AnV (AnV) coding vector, irradiated and placed in culture. Supernatants
were collected on the days indicated. Cells were washed, and media were
replaced every 2 days. AnV secretion was detected using Western blot
as described above (+ positive control). b Mice (n = 15 per group)
were subcutaneously vaccinated twice, a week apart, with 2 x 10°
irradiated (4,000 rads) AGN2a cells that had been nucleofected with
control or FLAG-AnV (AnV-NB) coding vector. Seven days after the
second vaccination, the mice were challenged subcutaneously on the
opposite flank with 10* live wild-type AGN2a cells. Survival curves
were generated from the combined results of 2 replicate experiments
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Fig. 6 Blocking PS in vivo increased the frequency of IFN-gamma-
secreting tumor-reactive T cells in response to tumor vaccination. Mice
were subcutaneously vaccinated twice, a week apart, with 2 x 10°
irradiated (4,000 rads) AnV-secreting or control AGN2a cells. Five days
after the second vaccination, splenic CD8" T cells were isolated using
immunomagnetic sorting. a T cells were tested in IFN-gamma ELISPOT
assay using AGN2a stimulators. The results are representative of 3
independent experiments (*p < 0.05). b T cells were stimulated twice in
vitro with bone marrow derived DCs pulsed with AGN2a cell lysate.
Antigen-specific cytolysis was assayed. T cells isolated from mice
vaccinated with AnV-secreting cells lysed AGN2a (AnV) preferentially
to YAC cells (YAC). Furthermore, T cells isolated from mice vaccinated
with AnV-secreting cells (AnV) lysed AGN2a targets more effectively
than T cells isolated from control mice (Ctrl). The data represent 3
separate experiments (*p < 0.05)
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cell immunoglobulin mucin (TIM)-4 can bind PS and may
mediate apoptotic cell engulfment and regulate immunity
[43, 44]. Other candidate receptors have been previously
suggested, and redundant systems for recognizing PS may
exist [39].

In summary, we demonstrated that blocking PS with
AnV could lead to T-cell-mediated tumor immunity and
improved tumor-free survival. We also showed that AnV-
secreting tumor vaccine improved survival in this model of
murine neuroblastoma. The findings suggest that by
expressing PS, neuroblastoma tumor cells masquerade as
apoptotic cells, evade immune recognition, and avoid
destruction. The expression of PS on the surface of other
human and murine tumor cells as well as non-malignant
lymphocytes may possibly point to a more generalized
immune escape mechanism. It follows that blocking PS
with AnV could be the basis for future clinical immuno-
therapy applications.
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